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Abstract 
This thesis describes two novel possibilities for asymmetric hydrogenation: 
enantioselective hydrogenation using chiral ionic liquid systems and metal-free 
hydrogenation with boranes.  
In the first part, asymmetric hydrogenation systems using chiral ionic liquids in 
combination with racemic rhodium catalyst are presented. Enantioselectivities up to 
69 % ee were achieved in homogeneous Rh-catalyzed hydrogenation with tropos ligand 
(BIPHEP, sulfonated BIPHEP) in a proline derived cation chiral ionic liquid as the 
exclusive source of chiral information. After extraction of product from ionic liquid 
phase with scCO2, the catalytic system could be reused three times with 70-75 % 
retention of activity and selectivity. In the same chiral ionic liquid, with atropos but 
racemic ligand BINAP, the hydrogenation of dimethyl itaconate resulted in identical 
level of enantioselectivity (67 % ee) as that obtained with the enantiopure BINAP under 
the conventional conditions. Kinetic and NMR spectroscopic investigations revealed a 
chiral poisoning mechanism of this catalytic system. Using racemic BINAP together 
with an ionic ligand comprising a chiral borate anion, the Rh-catalyzed hydrogenation 
of dimethyl itaconate led to an enantioselectivity up to 57 % ee. The 
enantiodifferentiation was attributed to diastereomeric formation of ion-pairs between 
cationic catalyst and the chiral borate anion in this case. 
In the second part, a novel metal-free catalytic system was developed for the reduction 
of imines with H2. Simple Lewis acid tris(perfluorophenyl)borane and 
bis(perfluorophenyl)borane were found to be effective catalysts for hydrogenation of 
imines at relative mild conditions (80 oC, 20 bar of H2). A thermal induced imine / 
borane H2-activation mechanism was proposed following the concept of “frustrated 
Lewis pairs”. This catalytic system could be extended to the asymmetric hydrogenation 
by the employment of chiral borane as catalyst. A number of commercially available 
and synthesized chiral alkenes were used for the preparation of chiral borane through 
hydroboration with bis(perfluorophenyl)borane. With these boranes as catalysts, the 
hydrogenation of imines with H2 led to enantioselectivities up to 57 % ee. Camphor 
derived chiral boranes could be applied in the hydrogen activation together with tri-tert-
butylphosphine under mild conditions. Significant enantioselectivities up to 83 % ee 
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were obtained for the first time using the ‘frustrated Lewis pairs’ concept with these 
chiral catalytic systems. 
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1. Enantioselective hydrogenation using chiral ionic liquid 
systems 
1.1 Introduction 
1.1.1 Chiral ionic liquids (CILs) 
Ionic liquids (ILs) are “organic salts that are liquid at low temperature (< 100 oC) which 
represent a new class of solvents with nonmolecular, ionic character”.[1] In recent years, 
they have attracted much attention as possible alternatives to conventional solvents in 
chemical community due to their unique properties: negligible vapor pressure, high 
thermal stability and high solubility for many organic and inorganic compounds.[2] In 
addition, the chemical and physical properties of ILs can be specifically adjusted over a 
wide range by modifying the structure of the cations and anions. The tunable properties 
have led ionic liquids being described as ‘designer solvents’.[3] Moreover, incorporation 
of chiral structures in these media results in a new kind of ILs - chiral ionic liquids 
(CILs). In the last few years a growing number of CILs have been designed, 
synthesized, and utilized for potential applications in asymmetric synthesis as well as 
chiral discrimination and separation.[4] The following part will give a short overview of 
the synthesis of CILs and some successful applications in asymmetric synthesis. 
In general, there are two strategies to synthesize CILs: asymmetric synthesis and the use 
of chiral starting materials. In consideration of cost and ease of synthesis, the most 
convenient way is to use chiral compounds from the ‘chiral pool’. These compounds 
include amino acids, chiral alcohols, chiral acids, hydroxyl acids, and terpenes. So far, 
more than one hundred CILs have been designed and synthesized by using this 
approach.[4b, 4d] 
 
ILs with chiral anion 
The commercially available chiral acids or their metal salts can be used straightforward 
to prepare chiral anions. The first example of CIL with chiral anion was reported by 
Seddon and co-workers in 1999.[5] The [BMIM][lactate] (1-1) was simply obtained by 
anion exchange between [BMIM]Cl and sodium lactate in acetone. Similarly, anion 
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exchange of [BMIM]Cl with (S)-10-camphorsulfonate or (R)-binaphthylphosphate in a 
H2O / CH2Cl2 medium gave the corresponding CILs (1-2, 1-3) in multigram scale.[6] It 
is important to mention that the first CIL that consists of a chiral cation and a chiral 
anion was prepared by passing a solution of chiral cation ILs through (S)-10-
camphorsulfonate-charged anion-exchange resin.[6] Low-melting guanidinium ILs (1-4) 
containing chiral anions were reported by Afonso.[7] These ILs were prepared by 
treatment of tetra(n-hexyl)dimethylguanidinium chloride with readily available chiral 
anions derived from the hydroxy acids or amino acids in dichloromethane at room 
temperature. 
Chiral borates were also selected as chiral anions for the design of new CILs. Leitner et 
al. reported the first example of chiral borate IL (1-5) from malic acid in a two step 
synthesis. First, sodium dimalatoborate was prepared through the reaction of L-malic 
acid with boric acid in an aqueous solution of sodium hydroxide. The salt was then 
converted into the product IL upon ion exchange with methyltrioctylammonium 
chloride in acetone.[8] Other chiral borate CILs were recently presented by the group of 
Tran.[9] Similar to Leitner’s work, the synthesis started with chiral α-hydroxy carboxylic 
acids, boric acid and lithium carbonate to generate chiral lithium borates. Subsequent 
metathesis reaction afforded the CILs with borate as anion. 
 
 
 
Figure 1-1. Anion CILs synthesized by ion exchange. 
 
A different procedure for anion CILs synthesis represents the direct deprotonation of a 
chiral acid with an organic hydroxide salt, giving an IL with a chiral anion and coupled 
product water. 
Ohno et al. reported the synthesis and properties of 20 CILs that were derived from 
natural amino acids (1-6).[10] These CILs were directly prepared by neutralization of 
imidazolium hydroxide with amino acids without the need of metal salt. All of the 20 
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CILs are viscous liquids at room temperature. Following the same approach, a number 
of other anion CILs with specific cations (1-7, 1-8) were prepared.[11] 
To obtain hydrophobic anion CILs derived from the ‘chiral pool’, Ohno’s group 
modified the structure of the amino acid to gain access to hydrophobic anion CILs. 
Introducing trifluoromethanesulfonyl functionality on the amino group and 
esterification of the acid moiety afforded the hydrophobic amino acid derivatives. The 
new hydrophobic CILs (1-9) were then obtained by the reaction of the amino acid 
derivatives with tetrabutylphosphonium hydroxide. Differential scanning calorimetric 
(DSC) analysis showed that these CILs had glass transition temperatures (Tg) ranging 
from -70 to -38 oC. 
 
 
 
Figure 1-2. Chiral ionic liquids synthesized by neutralization. 
 
ILs with chiral cation 
The first cation CIL (1-10) was reported by Howarth et al. in 1997.[12] The CIL N,N-
bis((2S)-2-methylbutyl)imidazolium bromide was prepared by heating the readily 
available compound (S)-1-bromo-2-methylbutane with TMS-imidazole. Since their 
initial work, a large number of cation CILs have been reported in the last few years.  
Direct protonation of chiral amines with strong Brønsted acids is the simplest and 
fastest way to generate cation CILs. Kou’s group reported a series of ammonium CILs 
by the simple reaction of amino acid with strong acids (HCl, HNO3, or HBF4).[13] 
However, most of the salts had melting points over 100 oC which was attributed to the 
strong hydrogen bonding involving the carboxylic acid group. Esterification of the acid 
group of amino acids and subsequent ion exchange yielded thermal stable ILs (1-11) 
with much lower melting points.[13] However, due to their ease of deprotonation, this 
type of ionic liquids cannot be used under basic conditions. Direct alkylation of amine is 
an effective way to produce stable quaternary ammonium CILs as shown for example 
by Wasserscheid and Bolm (1-12).[14] 
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Figure 1-3. Ionic liquids with chiral cations. 
 
As a very important starting material, amino acids have been used to design more 
sophisticated structures involving non-protonated cations for the preparation of cation 
CILs (Scheme 1-1). The structures range from oxazolinium,[14a] thiazolinium,[15] 
imidazolium,[16] imidazolinium[17] to pyridinium ILs[18]. Scheme 1-1 depicted the related 
chiral cations. Other precursors from ‘chiral pool’ as well as synthetic compounds 
include amines (1-13),[16a, 19] amino alcohols (1-14),[20] hydroxyl carboxylic acids (1-
15),[6, 21] alcohols,[12, 22] terpenes (1-16),[14c, 23] and sugars (1-17)[24] (Figure 1-4).  
 
 
Scheme 1-1. Chiral cations for CILs derived from amino acids. 
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Figure 1-4. Selected cation CILs derived from other chiral starting materials. 
 
Apart from the CILs that have central chirality, some new CILs having axial or planar 
chirality have also been developed. Plaquevent and co-workers introduced a class of 
pyridinium based ILs with axial chiral cations.[25] These cations (1-18) containing a 1,3-
dioxane unit in the central core were not directly derived form the chiral pool, but 
prepared via an enantioselective reaction. This reaction involved an asymmetric 
dehydrohalogenation using a chiral alkoxide derived from N-N’-dimethylnorephedrine. 
High enantioselectivity (> 99 % ee) and modest overall yield was achieved. A recent 
example of axial chiral cation CILs (1-19) with spiro skeleton has been reported by the 
group of Sasai.[26]  
CILs with planar chiral cations were demonstrated by Saigo and co-workers. They first 
designed imidazolium salts with potential cyclophane-type planar chirality.[27] The 
compound (1-20) was prepared in three steps, but with low yield (36 %). Replacement 
of the alkyl chain by a polyether chain resulted in a better yield of the corresponding 
cyclized product (1-21, 81 %).[28] However, those compounds were only synthesized in 
racemic form. In 2006, an optically pure IL (1-22) with planar chirality was obtained 
from an imidazole bearing a chiral functionality.[29]  
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Figure 1-5. Cation CILs with axial or planar chirality. 
 
Asymmetric catalysis in CILs 
CILs, as solvents providing the only source of chirality, have recently gained increasing 
attention in asymmetric catalysis. However, only very few examples with high 
enantioselectivity in this research field have been reported so far. In some cases, the IL 
structure was directly and covalently linked to a chiral catalyst. This includes the use of 
task specific ILs which contain chiral organocatalysts[30] or ligands for transition metal 
catalysis[31] in their side-chains. These approaches are outside the scope of the present 
discussion, which relates to the interaction of a free molecular catalyst with its reaction 
medium environment. Furthermore, CILs have been used as temporary auxiliary by 
reversible binding to the substrate in heterogeneous catalysis. Recently, an example of 
heterogeneous asymmetric hydrogenation with a solid catalyst in CILs was published by 
the group of Wasserscheid.[32] They investigated Ru / C catalyzed hydrogenation of a 
prochiral ketone which was embedded in the cation structure of an anion CIL 1-23 
(Scheme 1-2). The hydrogenation gave the corresponding hydroxyl IL 1-24 in 
quantitative yield and enantioselectivities up to 80 % ee. The strong ion-pairing effects 
between the prochiral cation and the chiral anion were believed to induce the high 
enantioselectivities.  
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Scheme 1-2. Diastereoselective hydrogenation of CILs with Ru / C. 
 
The first successful example of the use of CILs as reaction media in asymmetric 
synthesis was described by Vo-Thanh and co-workers (Scheme 1-3).[33] They 
investigated the DABCO (non-chiral catalyst) catalyzed asymmetric Baylis-Hillman 
reaction between benzaldehyde and methyl acrylate in ephedrinium ILs (1-25).[14a] The 
desired product was obtained in an enantiomeric excess of up to 44 % ee. In addition, 
the CILs could be recovered and reused without loss of efficiency. 
 
 
 
Scheme 1-3. Baylis-Hillman reaction in CILs. 
 
Leitner and co-workers reported later an enantioselective aza-Baylis-Hillman reaction 
with achiral nucleophilic Lewis base PPh3 as catalyst in an anion CIL (Scheme 1-4).[8] 
In this anion CIL (1-5) derived from ‘chiral pool’, excellent enantiomeric excess up to 
84 % was obtained for the reaction of methyl vinyl ketone and N-(4-bromo-
benzylidene)-4-toluenesulfonamide.  
 
 
 
Scheme 1-4. Enantioselective aza-Baylis-Hillman reaction in CILs. 
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Highly enantioselective transition metal catalysis in CILs was demonstrated by the 
group of Afonso (Scheme 1-5).[7] Using the guanidinium CILs (1-26) with quinic anion 
as reaction media, the Sharpless osmium-catalyzed dihydroxylation of alkenes gave 
impressive enantioselectivities (72 % ee and 85 % ee) and high yields. They also 
studied the rhodium-catalyzed carbenoid C-H insertion reaction, but rather low 
enantioselectivity (27 % ee) was obtained. 
 
 
 
Scheme 1-5. Sharpless asymmetric dihydroxylation in CILs. 
 
More recently, Malhotra and Wang reported copper-catalyzed enantioselective 1,4 
addition of diethylzinc to enones in the presence of pinene-based CILs (1-16) (Scheme 
1-5).[23e] Interestingly, increasing the CIL loading from 3 to 25 mol %, the 
enantioselectivity of the reaction significantly increased from 17 to 74 % ee. The best 
result with 90 % yield and 76 % ee was achieved in the presence of 35 mol % CIL as 
co-solvent. 
 
 
 
Scheme 1-6. Asymmetric copper-catalyzed addition of diethylzinc in CILs. 
 
1.1.2 Chiral activation and deactivation 
In the present thesis the influence of CILs on enantioselective catalytic hydrogenations 
with transition metal complex catalysts will be studied. In order to have a better 
understanding of the mechanism of the hydrogenation system in the results and 
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discussion section, a brief introduction of chiral activation and chiral deactivation, and 
their applications in catalytic hydrogenation will be described.  
A successful class of chiral catalysts for enantioselective transformation are metal 
complexes bearing enantiopure and atropoisomeric ligands such as BINAP (Scheme 1-7, 
1-27) which have axial chirality. The separation in to stable enantiomers of those 
‘atropos’[34] ligands result from hindered rotation about single bonds where the steric 
strain barrier to rotation is high enough to allow the isolation of the conformers under 
the reaction conditions. In contrast, conformationally flexible ligands are designated as 
‘tropos’,[34] for example BIPHEP (1-28). In the absence of external chiral information, 
transition metal catalysts derived from racemic atropos-ligands or tropos-ligands can 
only give a racemic mixture of chiral products. A strategy to break the symmetry of the 
catalytic reaction is the in situ resolution of the racemic catalysts by the addition of an 
appropriate chiral additive. This strategy can be classified into two different cases: 
chiral deactivation and chiral activation.[35]  
 
 
 
Scheme 1-7. Atropos and tropos ligands. 
 
Chiral deactivation 
Chiral deactivation (chiral poisoning),[35-36] in an ideal case, involves selective 
deactivation of one of the two enantiomers of a racemic catalyst with a chiral 
deactivator, for example through complexation. The unaltered enantiomer of the 
racemic catalyst leads to enantioenriched product (Scheme 1-8).[35] In principle, the 
level of enantiomeric excess can not exceed that obtained by the enantiopure catalyst.  
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Scheme 1-8. Chiral deactivation of racemic catalysts.  
 
In 2002, Mikami developed a very effective asymmetric deactivation system, wherein a 
racemic [Ru(XylBINAP)(DMF)n]Cl2 complex was selectively deactivated by DM-
DABN.[37] With 2:1 mixture of [Ru(XylBINAP)(DMF)n]Cl2 and DM-DABN as catalyst, 
the hydrogenation of β-ketoester gave 99.3 % ee of (R)-methyl-3-hydroxybutanoate 
quantitatively. The enantioselectivity was nearly identical to that (99.9 % ee) obtained 
by using enantiopure [Ru((R)-XylBINAP)(DMF)n]Cl2, indicating a nearly complete 
sequestering of the [Ru((S)-XylBINAP)]Cl2 complex with 0.5 mol equivalent of DM-
DABN (Scheme 1-9). 
 
 
 
Scheme 1-9. Chiral deactivation with (S)-DM-DABN. 
 
Chiral activation  
Alternatively, reaction of a racemic catalyst with a chiral additive could produce new 
catalyst species with higher activity. Ideally, only one of the two enantiomers of the 
racemic catalyst is activated. In this case, the new catalyst is much more active than the 
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original catalyst and the activated enantiomer of the racemic catalyst is the main catalyst 
which leads to enantioenriched product. This strategy is called chiral activation (Scheme 
1-10).[34-35] The advantage of this activation strategy over the deactivation counterpart is 
that the activated catalyst could lead to products with a higher enantiomeric excess than 
the enantiopure catalyst without activation. 
 
 
 
Scheme 1-10. Chiral activation of racemic catalysts.  
 
The first account of asymmetric activation applied to hydrogenation was reported for 
reactions catalyzed by [Ru(rac-TolBINAP)(DMF)n]Cl2 / (S,S)-DPEN (Scheme 1-11).[38] 
[Ru(TolBINAP)(DMF)n]Cl2, either enantiopure or racemic, is a poor catalyst for the 
hydrogenation of 2,4,4-trimethyl-2-cyclohexenone. The addition of (S,S)-DPEN to the 
racemic Ru complex promoted the reaction to give (S)-2,4,4-trimethyl-2-cyclohexenol 
in 95 % ee in 100 % yield. This high ee-value was very close to the 96 % ee that were 
obtained with enantiopure [Ru((R)-TolBINAP)(DMF)n]Cl2 / (S,S)-DPEN under 
otherwise identical conditions. On the other hand, the [Ru((R)-TolBINAP)(DMF)n]Cl2 / 
(R,R)-DPEN gave the R alcohol slowly and in only 26 % ee. The high enantioselectivity 
of the reaction was due to the formation of highly active and stable catalyst species with 
[Ru ((R)-TolBINAP)((S,S)-DPEN)]+ moiety. 
 
 
Scheme 1-11. Chiral activation with (S,S)-DPEN. 
 
 12
Chiral activation of tropos catalysts 
Tropos ligand derived transition metal complexes usually exist as an equilibrium 
mixture of the R and S isomers. Such chirally dynamic complex can be used for chiral 
activation through in situ interconversion of diastereomer by a chiral additive (Scheme 
1-12).[34-35] In one case, the chiral activator selectively coordinates to one enantiomer of 
the tropos catalyst, the remaining enantiomeric catalyst will racemize, and then 
coordinates with the chiral activator to afford a single diastereomer. The other case 
involves non-selective complexation of the tropos catalyst with a chiral activator 
initially provides a 1:1 activated diastereomers, which would epimerize to the single 
diastereomer. 
 
 
 
 
Scheme 1-12. Chiral activation of tropos catalysts. 
 
The metal catalysts with tropos ligand XylBIPHEP was used for asymmetric 
hydrogenation in the presence of chiral diamine as chiral activator (Scheme 1-13).[39] 
Addition of an equivalent of (S,S)-DPEN to [Ru(XylBIPHEP)(DMF)n]Cl2 formed a 3:1 
mixture of [Ru((S)-XylBIPHEP)((S,S)-DPEN)(DMF)n]Cl2 complex and the (R,SS) 
diastereomer. The major (S, SS) was a more active and enantioselective catalyst than the 
corresponding BINAP catalyst for the hydrogenation of acyclic aromatic ketones. 
Hydrogenation of 1-acetonaphthone with [Ru(XylBIPHEP)(DMF)n]Cl2 / (S,S)-DPEN in 
2-propanol at -35 oC gave R alcohol in 92 % ee. 
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Scheme 1-13. Chiral activation of tropos catalyst with (S,S)-DPEN. 
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1.2 Objective of the present work 
In general, asymmetric transformation in organic synthesis is mainly achieved by the 
use of chiral substrates, chiral reagents or chiral catalysts. Recently, chiral ionic liquids, 
as the only source of fixed chirality in the reaction, have drawn much attention in 
asymmetric catalysis. However, only very few successful examples with high 
enantioselectivity were reported in the research field so far. At beginning of this Ph.D. 
thesis (October 2006), no investigation on the use of chiral ionic liquids as the source of 
chirality in the asymmetric transition metal catalysis was present in the literature. The 
objective of the research reported in this part of the thesis is the development of chiral 
ionic liquids system for enantioselective transition metal hydrogenation.  
For the consideration of economy and facility, natural amino acids are chosen as the 
starting materials to synthesize cation chiral ionic liquids. The utility of the chiral ionic 
liquids to act as reaction media and as the only chiral source for Rh-catalyzed 
asymmetric hydrogenation with tropos ligands is explored. The recyclability of the 
catalytic system is also studied by the use of scCO2 as the extracting solvent (chapter 
1.3.1). 
Then, the enantioselective hydrogenation with atropos racemic and enantiopure ligands 
in the chiral ionic liquids is probed. The chirally rigid nature of the atropos ligands 
provides an opportunity to investigate the origin of the enantioselectivity in the catalytic 
system. In this respect, NMR technique and kinetic studies are very useful tools (chapter 
1.3.2). 
Since many transition metal catalysts are cationic, the use of chiral counter-anions could 
provide also a method to effect asymmetric induction. Readily available anion chiral 
compound as the chiral inducer for asymmetric hydrogenation are investigated. NMR 
experiments and kinetic studies are selected to elucidate the catalytic mechanism 
(chapter 1.3.3). 
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1.3 Result and discussion 
1.3.1 Enantioselective catalysis with tropos ligands in chiral ionic 
liquids 
Chiral transition metal catalysis is one of the key technologies for carrying out 
enantioselective transformations.[40] The utilized transition metal catalysts usually 
provide the necessary chiral information through the structure of the ligand backbone. 
In this respect, bidentate chelating phosphorus compounds based on atropoisomeric 
binaphthyl and biphenyl backbones like BINAP[41] or MeO-BIPHEP (Figure 1-6, 
atropos ligands)[42] are among the most effective chiral ligands for a broad variety of 
transformations. In contrast to the “locked” structure in the backbones of these ligands, 
rapid rotation of the phenyl rings is typically observed in 2,2'-bis-diphenylphosphino-
biphenyl ligands such as 1-28 or 1-29 (Figure 1-6, tropos ligands), which lack 
substituents at the 6,6' positions. These structures are referred as pro-atropoisomeric or 
tropos units[43] and they do not possess a permanent chiral information and show no 
preference for a given conformation without an external chiral bias.  
 
 
 
Figure 1-6. Atropos and tropos phosphine ligands. 
 
 16
However, flexible biphenyl units can be successfully used in catalysis, if they are 
incorporated into ligand frameworks containing a fixed element of chirality.[44] A 
second strategy combines the tropos ligands with another chiral ligand in the 
coordination sphere of a metal centre.[34, 45] In the case of the biphenyl-based bidentate 
phosphorus ligand BIPHEP (1-28), a resolution of the tropoisomeric backbone was 
achieved upon coordination to a metal centre (Rh,[46] Pd[47] or Pt[48]) bearing a chiral 
diamine, diene, aminoalcohol or diol as enantiopure co-ligand. After the removal of the 
chiral auxiliary, typically via protonation, the resulting chiral and kinetically stable 
metal species can be used as a catalyst for asymmetric transformations. When the chiral 
co-ligand is part of the active catalysts, two diastereomeric complexes are usually 
present in solution. Using this approach, highly enantioselective Ru-catalyzed 
asymmetric hydrogenations were carried out with this BIPHEP ligand.[39, 49] 
Very recently, specially designed chiral ionic liquids have been used as solvents 
providing the only source of chirality for enantioselective transformations. This 
approach resulted already in high enantioselectivities in organocatalytic reactions[8, 33] 
and in the heterogeneous hydrogenation of  keto-functionalities.[32a] Furthermore, high 
enantioselectivities were obtained recently in the homogeneously catalyzed Sharpless 
dihydroxylation using a quinic-based IL.[7] 
Herein, the first example for asymmetric catalysis, based on the use of a catalyst bearing 
tropoisomeric ligands and a chiral IL is described. The validity of this approach is 
demonstrated for the enantioselective Rh-catalyzed hydrogenation of benchmark 
substrates using amino acid based cation CILs in combination with tropos 
diphenylphosphine ligands.  
Ligands modified with sulfonato groups have already been used for reactions in ILs as 
they combine good solubility of the corresponding catalysts in the polar media and 
effective catalyst immobilization for applications in multiphase systems.[50] Therefore, 
the investigations were stated with the tropos ligand 5,5'-disulfonato-2,2'-
bis(diphenylphosphino)-1,1'-biphenyl (sulfonated BIPHEP 1-29) which was synthesized 
according to a literature procedure.[51] Rh-catalyzed hydrogenations of methyl 2-
acetamidoacrylate (1-30a) and dimethyl itaconate (1-30b) were chosen as test reactions 
(Scheme 1-14).  
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Scheme 1-14. Rh-catalyzed hydrogenation in chiral ionic liquids. 
 
In the course of the recent effort in the development and application of CILs, the focus 
was on systems based on amino acids for asymmetric transition metal catalysis. The 
cation CILs [MeVal][NTf2] (1-34) and [RProl]X (1-37a—1-37e) were readily available 
starting from L-valine (1-32) and L-proline (1-35), respectively, after esterification in 
the presence of SOCl2 and subsequent anion exchange with LiNTf2 (NTf2 = 
bis(trifluoromethylsulfonyl)amide) or silver nitrate (Scheme 1-15).[13] 
 
 
 
Scheme 1-15. Synthesis of chiral ionic liquids. 
 
Table 1-1 summarizes the most important results. Using ligand sulfonated BIPHEP (1-
29) and [Rh(cod)2]BF4 in combination with the CIL [MeVal][NTf2] (1-34), full 
conversion in the hydrogenation of methyl 2-acetamidoacrylate (1-30a, Table 1-1, entry 
1) was obtained. However, this reaction resulted in the formation of racemic product 
methyl 2-acetamidopropanoate (1-31a). In contrast, 1-30a was hydrogenated 
quantitatively with a remarkable enantioselectivity of 49 % ee (S) in the presence of the 
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IL [MeProl][NTf2] (1-37a, entry 2). Thus, CIL 1-37a was selected for the further 
experiments. 
 
Table 1-1. Rh catalyzed hydrogenation in chiral ionic liquids.a 
 
Entry Ligand IL Substrate Additive ee % 
1 1-29 
 
1-30a - rac 
2 1-29 1-30a - 49 (S) 
3 - 1-30a - rac 
4 DPPE 1-30a - rac 
5 TPPDS 1-30a - rac 
6 1-29 1-30a H2O 47 (S) 
7 1-29 1-30a NEt3 69 (S) 
8 1-29 1-30a CH3COOH 7 (S) 
9 1-29 1-30b - 20 (R) 
10b 1-29 1-30b NEt3 29 (R) 
11c 1-29 1-30b - 27 (R) 
12 1-28 1-30a - 28 (S) 
13 1-28 1-30a NEt3 52 (S) 
14 1-28 
 
 
 
 
 
1-30b - 3 (S) 
a Reaction conditions: Rh = 0.012 mmol; phosphine / Rh = 1.1; Substrate / Rh = 250; 
IL = 0.8 ml; pH2 = 40 bar; t = 16 h; T = rt; Full conversion was achieved in all 
experiments unless otherwise noted; Conversion and enantioselectivity were 
determined by GC (Lipodex E); b Conversion: 87 %; c Catalyst system was pre-treated 
with hydrogen over two days in the presence of two equivalents of substrate. 
 
In order to evaluate the influence of the ligand backbone in the catalytic reaction, 
hydrogenation experiments in the absence of phosphorus ligand (entry 3), with achiral 
bidentate 1,2-bis-(diphenylphosphino)ethane (DPPE, entry 4) and with monodentate 
bis(3-sulfonatophenyl)phenylphosphine (TPPDS, entry 5) were performed. All these 
reactions yielded racemic products and similar results were obtained in previous 
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attempts using TPPTS(Tris(3-sulfonatophenyl)phosphine)-based Rh-catalysts having 
chiral “spectator” counter-anions.[52] 
To further improve the performance of the system, various additives were tested. The 
deliberate introduction of a drop of water into the reaction system resulted in a 
comparable enantiomeric excess (entry 6 vs. entry 2). In contrast, the addition of 20 
equivalents triethylamine with respect to the catalyst led to a remarkable increase of the 
enantioselectivity to 69 % ee (S) in the hydrogenation of methyl 2-acetamidoacrylate (1-
30a) (entry 7), whereas the use of acetic acid as additive led to a sharp decrease of the 
enantioselectivity (entry 8).  
To investigate the recyclability of the catalytic system, the reaction mixture of entry 7 
was extracted using scCO2 to isolate the product.[53] Three consecutive hydrogenations 
of methyl 2-acetamidoacrylate (1-30a) were carried out with some depletion of 
conversion and enantioselectivity in the third run (1st run: conv. > 99 %, 69 % ee; 2nd 
run: conv. 98 %, 63 % ee; 3rd run: conv. 57 %, 52 % ee). These results show a moderate 
stability of the immobilized catalyst and demonstrate the principle possibility for 
application in multiphase reaction systems. 
The catalyst system [Rh(cod)2]BF4 / sulfonated BIPHEP (1-29) / [MeProl][NTf2] (1-
37a) was also applied in the hydrogenation of dimethyl itaconate (1-30b) leading only 
to a modest enantioselectivity of 20 % ee (entry 9). In this case, the addition of 
triethylamine improved the enantioselectivity slightly (29 % ee) leading, at same time, 
to a decrease of the catalyst activity (entry 10). A similar enantioselectivity was 
achieved by pre-treating the catalyst system with hydrogen (40 bar) in the presence of 2 
equivalents of dimethyl itaconate over two days before adding a larger batch of the 
same substrate and pressurizing again with hydrogen. Using this procedure, 27 % ee 
was obtained in the hydrogenation of dimethyl itaconate (1-30b) (entry 11 vs. entry 9). 
The reuse of the catalyst system after product extraction with scCO2 resulted in reduced 
conversion over three runs (1st run: conv. >99 %, 20 % ee; 2nd run: conv. 85 %, 22 % ee; 
3rd run: conv. 69 %, 16 % ee).  
In the next experiments BIPHEP (1-28) was applied as a tropos ligand to investigate 
whether the sulfonate groups in sulfonated BIPHEP (1-29) have an influence on the 
outcome of the catalytic transformation. Indeed, BIPHEP was less effective than 
sulfonated BIPHEP (1-29) and lower enantioselectivities were obtained in the 
hydrogenation of methyl 2-acetamidoacrylate (1-30a) (entry 12) to give the same 
preferred enantiomer. Again, in this system the addition of triethylamine resulted in a 
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significant enhancement of the enantioselectivity to 52 % ee (entry 13). Surprisingly, 
the hydrogenation of dimethyl itaconate (1-30b) in the presence of BIPHEP (1-28) 
yielded dimethyl 2-methylsuccinate (1-31b) as an almost racemic mixture (entry 14).  
In summary, significant enantioselectivities were obtained for the first time in a 
homogeneous transition metal catalyzed reaction using tropoisomeric ligands in a chiral 
ionic liquid as the exclusive source chiral information. The reusability of the catalyst 
system was demonstrated using scCO2 as the extracting medium. The comparison 
between sulfonated (1-29) and unmodified BIPHEP (1-28) indicates the presence of the 
sulfonate groups is beneficial, but not mandatory to achieve high levels of 
enantiodifferentiation 
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1.3.2 Enantioselective hydrogenation with racemic and enantiopure 
BINAP in the presence of chiral ionic liquids 
After the successful combination of CILs with tropos phosphine ligands, the concept 
was further extended to racemic and enantiopure atropos ligands. 
BINAP (1-27) was selected as prototypical ligand with a broad range of possible 
applications. The rhodium-catalyzed hydrogenation of dimethyl itaconate (1-30b) was 
chosen as benchmark reaction (Scheme 1-16). Under conventional conditions, 
enantiomeric pure (S)-BINAP ((S)-1-27) results only in moderate enantioselectivity 
(dimethyl 2-methylsuccinate (1-31b): 67 % ee (S)[54]) in this transformation, thus 
providing a sensitive diagnostic tool for the effectiveness of the CIL. 
 
 
 
Scheme 1-16. Homogeneous Rh catalyzed hydrogenation of 1-30b with BINAP-derived 
catalysts in the presence of [MeProl][NTf2] (1-37a) as CIL. 
 
The hydrogenation of dimethyl itaconate 1-30b was carried out under a set of standard 
reaction conditions employing a 4:1 mixture of CH2Cl2 and [MeProl][NTf2] (1-37a) as 
reaction medium. Using a rhodium catalyst formed in situ from [Rh(acac)(cod)] (1-38; 
acac = acetylacetonate, cod = 1,5-cyclooctadiene) and racemic BINAP (rac-1-27) 
yielded quantitatively (S)-dimethyl 2-methylsuccinate ((S)-1-31b) with an 
enantioselectivity of 67 % ee (Table 1-2, entry 1). Almost the same enantioselectivity 
was achieved with complex [Rh(acac)(CO)2] (1-39) as the rhodium source (entry 2). 
These results demonstrate that an identical level of enantiodifferentiation can be 
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achieved with the combination of racemic BINAP (1-27) and CIL [MeProl][NTf2] (1-
37a) as with a single pure enantiomer of the chiral ligand in organic solvent. 
In case of substrate dimethyl itaconate (1-30b), the presence of the CIL 1-37a does not 
affect the principle mode of enantiodifferentiation of the chiral ligand. The use of 
enantiomeric pure (R)-BINAP (1-27) leads to enantioselectivities of 66-71 % ee for (R)-
dimethyl 2-methylsuccinate ((R)-1-31b) in the presence of CIL [MeProl][NTf2] (1-
37a)(entry 3-4). The use of (S)-BINAP and CIL 1-37a results in the opposite 
enantiomer with largely identical enantioselectivities of 64-70 % ee (entry 5-6). In all 
cases, the absolute configuration of the preferred enantiomer is identical as under 
conventional conditions. 
 
Table 1-2. Rh-catalyzed hydrogenation of dimethyl itaconate 1-30b in the presence of 
1-37a as CIL.a 
 
Entry Ligand [Rh] ee % 
1 rac-BINAP Rh(acac)(cod) 1-38 67 (S) 
2 rac-BINAP Rh(acac)(CO)2 1-39 65 (S) 
3 (R)-BINAP Rh(acac)(cod) 1-38 71 (R) 
4 (R)-BINAP Rh(acac)(CO)2 1-39 66 (R) 
5 (S)-BINAP Rh(acac)(cod) 1-38 64 (S) 
6 (S)-BINAP Rh(acac)(CO)2 1-39 70 (S) 
a Reaction conditions: Rh = 0.01 mmol; BINAP / Rh = 1; Substrate / Rh = 300, 
pH2 = 40 bar, [MeProl][NTf2] (1-37a) = 0.2 mL, CH2Cl2 = 1 mL; t = 16 h; T = 
rt; Conversion and enantioselectivity determined by GC (Lipodex E); Full 
conversion in all entries. 
 
The results summarized in table 1-2 indicate that the product dimethyl 2-
methylsuccinate (1-31b) is formed predominantly via a (S)-BINAP containing rhodium 
catalyst even when racemic BINAP is employed. 
This conclusion is further substantiated by the significantly different reaction rates 
observed for the hydrogenation of dimethyl itaconate (1-30b) with the single 
enantiomers in the presence of [MeProl][NTf2] (1-37a) (Figure 1-7). The conversion / 
time profiles obtained by monitoring the hydrogen uptake clearly show that the catalyst 
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formed from (S)-BINAP leads to much faster hydrogenation than that obtained from the 
ligand with the opposite absolute configuration. The relative initial rates can be 
estimated to 6.7:1 in favor of the (S)-configured ligand, indicating that more than 90 % 
of the product will be formed via the [(S)-BINAP)Rh] centre under competitive 
condition. 
 
Figure 1-7. Hydrogen uptake for rhodium catalyzed hydrogenation of dimethyl 
itaconate (1-30b) with (R)-(cycle) and (S)-BINAP (square).  
Conditions: Rh(cod)(CO)2 (1-39) = 0.017 mmol, substrate 1-30b / Rh = 500:1, BINAP / 
Rh = 1.1:1, CH2Cl2 = 2 mL, CIL [MeProl][NTf2] (1-37a) = 0.2 mL, rt. Off-line analysis 
confirmed full conversion in both reactions. 
 
The differences in the hydrogenation rates can be corroborated with the distinct 
reactivity and stability of the two enantiomeric [(BINAP)Rh] fragments in the presence 
of the CIL, as revealed from NMR spectroscopic investigations. The pre-catalyst [(R-
BINAP)Rh(acac)] (31P-NMR: δ = 53.7 ppm (JP-Rh = 191.7 Hz) reacts cleanly with an 
excess [MeProl][NTf2] in CD2Cl2 to form quantitatively a new complex with two sets of 
doublet of doublet in the 31P-NMR at δ = 52.5 ppm (JP-Rh = 205.5 Hz, JP-P = 65.5 Hz) 
and δ = 46.3 ppm (JP-Rh = 170.4 Hz, JP-P = 65.5 Hz, respectively (Figure 1-8, black, 
lower trace). Based on full multinuclear NMR analysis, this species was assigned as the 
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cationic complex [((R)-BINAP)Rh((S)-MeProl)]+ with [NTf2]- as counterion. The 
formation of this complex can be rationalized by protonation of the acac ligand through 
the prolinium cation and subsequent coordination of the free methyl ester of (S)-proline 
to the rhodium center (Scheme 1-17). Carrying out the same reaction sequence with rac-
BINAP results in the formation of two diastereomeric complexes [((R)-BINAP)Rh((S)-
MeProl)]+ and [((S)-BINAP)Rh((S)-MeProl)]+ in a ratio of 2.5:1 (Figure 1-8, gray, 
upper trace), demonstrating the preferred arrangement of the (R)-phosphine together 
with the (S)-amino acid ester in the matched coordination environment at rhodium.  
 
 
 
Scheme 1-17. Reaction of [MeProl][NTf2] (1-37a) with [(BINAP)Rh(acac)] (1-38). 
 
The lower catalytic activity of the [((R)-BINAP)Rh]-fragment as compared to the (S)-
congener can thus be traced back to the formation of a more stable and hence less 
reactive diastereomeric complex in presence of [MeProl][NTf2] (1-37a). This 
unprecedented high level of chiral poisoning[35-36, 49] in hydrogenation catalysis explains 
nicely why the observed ee is practically identical with either racemic BINAP or (S)-
BINAP for substrate dimethyl itaconate (1-30b). 
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Figure 1-8. 31P-NMR spectra of CD2Cl2 solutions of [((R)-BINAP)Rh(acac)] (Black, 
lower trace) and [(rac BINAP)Rh(acac)] (Grey, upper trace) in presence of 
[MeProl][NTf2] (1-37a) (CIL:Rh = 5:1). 
 
Whereas the CIL [MeProl][NTf2] (1-37a) affects only the rate of hydrogenation for the 
individual enantiomers of BINAP in case of dimethyl itaconate 1-30b, a drastic effect 
on the enantioselectivity is observed with the methyl 2-acetamidoacrylate (1-30a) as 
substrate (Figure 1-9). In pure CH2Cl2, the catalyst based on (R)-BINAP and precursor 
[Rh(cod)2BF4] (1-40) yields methyl (S)-2-acetamidopropanoate ((S)-1-31a) 
preferentially with a moderate ee of 25 %.[55](Note that in reference 117 the preferred 
enantiomer was designated the R-configuration. However, the present experiments and 
reference 116 demonstrated that in conventional solvent R-BINAP leads preferentially 
to (S)-1-31a and (S)-BINAP to (R)-1-31a). The addition of small amounts of 
[MeProl][NTf2] (1-37a) leads to a significant decrease of the enantioselectivity. In a 1:1 
mixture of organic solvent and CIL 1-37a, the enantiodifferentiation is even inverted, 
leading to the (R)-enantiomer of product 1-31a preferentially. This trend continues, and 
in pure CIL 1-37a as solvent, (R)-1-31a is formed with 41 % ee. 
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Figure 1-9. Inversion and increase of enantiodifferentiation in the rhodium catalyzed 
hydrogenation of 1-30a using (R)-BINAP as ligand and 1-37a as CIL. 
Conditions: [Rh] = 1-38 or 1-40¸ 0.01 mmol Rh, substrate 1-30a / Rh = 300:1, BINAP / 
Rh = 1:1, pH2 = 30 or 40 bar, T = rt, total volume of solvent = 0.8 mL - 1.6 mL. 
 
Using racemic BINAP in [MeProl][NTf2] (1-37a) as solvent under identical conditions, 
the overall enantioselectivity is 15 % for the (S) enantiomer of methyl 2-
acetamidopropanoate (1-31a). The absolute configuration of the product shows that its 
formation occurs again predominantly at the [((S)-BINAP)Rh] fragment. This indicates 
that chiral poisoning is the common basic selection mechanism for both substrates, 
albeit the differentiation between the two enantiomers of the chiral ligand appears to be 
less efficient for methyl 2-acetamidoacrylate (1-30a) than for dimethyl itaconate (1-30b) 
(> 90 % retention of enantioselectivity for 1-30b vs 40 % in case of 1-30a). Importantly, 
however, the results obtained with 1-30a demonstrate that the combination of a chiral 
ligand with a CIL can influence the enantioselectivity of an organometallic reaction up 
to the level where the absolute configuration of the predominant product is inverted at 
even higher enantioselectivities as compared to standard conditions. This strongly 
suggests that additional control factors beyond chiral poisoning are operating on a 
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molecular basis for this substrate. At present, it can not be excluded that changes in the 
physicochemical properties of the reaction medium such as solvent polarity[56] or 
hydrogen availability[57] are contributing to this drastic change in enantioselectivity, 
although, exchanging CH2Cl2 for more polar and protic methanol with (S)-BINAP / 
[Rh(cod)2BF4] (1-40) as catalyst for the hydrogenation of methyl 2-acetamidoacrylate 
(1-30a) had only a minor effect on the formation of (S)-methyl 2-acetamidopropanoate 
((S)-1-31a) in the pressure range of 20 bar (20 % ee) to 2 bar (19 % ee). 
In summary, the results demonstrate that the combination of a racemic ligand and a 
chiral ionic liquid as additive or reaction medium can lead to identical 
enantioselectivities as the enantiopure ligand in an organometallic catalytic cycle. 
Moreover, the use of the CIL together with an enantiomeric pure ligand can result in an 
enhanced and inverted enantioselectivity as compared to organic solvents. Convincing 
kinetic as well as spectroscopic evidences substantiate chiral poisoning as a principle 
mechanism for the differentiation of two enantiomeric catalytically active species at 
least for the combination of rhodium phosphine complex and prolinium IL.  
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1.3.3 Asymmetric hydrogenation with chiral borate anions in the 
enantioselective hydrogenation using a racemic Rh-BINAP catalyst 
Asymmetric induction in enantioselective catalysis typically relies on the design of 
suitable chiral ligands that are coordinated to the metal together with the 
substrate.[40b] In principle, however, the enantio-differentiation could also occur 
through interaction with chiral species outside the first coordination sphere, such as 
solvents or counterions.  
In section 1.2.1 and 1.2.2, it was demonstrated that proline-based CILs with chirality 
in the cations provide moderate to high enantioselectivities with racemic tropos or 
atropos phosphine ligands in asymmetric hydrogenation reactions.[58] NMR 
spectroscopic and kinetic investigations suggest that the chiral discrimination results 
from a direct coordinative interaction of the proline at the metal centre. In the 
present chapter, the use of anion chiral ILs together with cationic metal complexes 
will be addressed. 
The possibility of chiral recognition between cationic transition metal complexes 
and chiral anions by ion pairing is well established.[59] There are, however, only very 
few successful examples for chirality transfer in catalytic reactions based on this 
concept. An early attempt was presented by the group of Arndtsen in 2000 for the 
enantioselective aziridination of styrene with PhINTs.[60] Using the achiral cationic 
tetrakis(acetonitrile)copper(I) bis(binol)-orthoborate complex in combination with a 
chiral borate anion, they obtained significant, but low enantioselectivities up to 10 % 
ee. This and similar results led to the general opinion, that chiral counterion induced 
asymmetric catalysis could not result in enantioselectivities comparable to chiral 
ligand assisted transition metal catalysis. Most recently, however, F. D. Toste and 
co-workers were able to achieve very high level of enantioinduction (up to 99 % ee) 
using chiral binaphthol-derived phosphate counter anions in Au(I) catalyzed 
hydroalkoxylation and hydroamination reactions.[61] J. Xiao and co-workers used 
structurally related phosphate based anions for Ir-catalyzed imine hydrogenation and 
obtained enantioselectivities up to 99 %.[62]  
In recent years CILs based on borate anions were successfully synthesized and 
applied for enantiomeric recognition of chiral amine salts.[9] Moreover, ILs 
containing chiral borate anions could also be used as chiral solvents in the aza-
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Baylis-Hillman reaction with achiral phosphine catalysts.[8] Chiral borate ILs and 
salts can be readily prepared in optically pure form by a simple one step 
procedure.[63] For example, mixing (S)-1,1’-bi-2-naphthol (1-41) with boric acid (1-
42) and triethylamine in acetonitrile results quantitatively in the anion-chiral borate 
compound (Scheme 1-18, 1-43). 
 
 
 
Scheme 1-18. Synthesis of triethylammonium-bis-(S)-BINOL-borate (1-43) 
 
Initially, the effect of the chiral borate 1-43 on the 31P-NMR chemical shifts of the free 
BINAP ligand was examined. As expected, addition of borate 1-43 to the BINAP (R or 
S or rac) did not affect the 31P-NMR chemical shifts significantly (Figure 1-10, a, b). 
Then, to evaluate the enantio-differentiation with these salts through ion pairing, the 
influence of the chiral borate salt 1-43 was investigated on the 31P-NMR chemical shifts 
of the [(BINAP)Rh(cod)]BF4 complex (Figure 1-10). Chemical shift differences were 
observed for the isolated diastereomeric complex [(BINAP)Rh(cod)][B(binol)2] prior to 
this work by J. M. Brown and J. A. Raskatov.[64] In line with these findings, addition of 
three equivalents of chiral borate 1-43 to a solution of the racemic complex [(rac-
BINAP)Rh(cod)]BF4 in CD2Cl2 led to two characteristic sets of doublets (1JRh-P = 147 
Hz) separated by 11 Hz in the 31P-NMR spectrum (Figure 1-10, d). In contrast, no 
splitting occurred when 1-43 was added to the enantiopure complex [((S)-
BINAP)Rh(cod)]BF4 (figure 1-10, c). Comparing the chemical shift values of the 
enantiomerically pure complex in the chiral borate 1-43, the doublet at lower field could 
be assigned to the (S)-BINAP derived diastereomeric ion pair in the mixture. 
Encouraged by these results, the possibility to apply a racemic BINAP catalyst in the 
presence of the chiral anion 1-43 was tested with the benchmark substrate dimethyl 
itaconate.[65] 
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Figure 1-10. 31P-NMR spectra (CD2Cl2, rt, 162 MHz) of (S)-BINAP (a), (rac)-BINAP 
(b), [((S)-BINAP)Rh(cod)]BF4 (c) and [((rac)-BINAP)Rh(cod)]BF4 (d) in presence of 3 
eq. chiral borate 1-43. 
 
Table 1-3 summarizes the most important results. As already established in literature, 
using the enantiopure (R)-BINAP ligand in the rhodium catalyzed hydrogenation of 
dimethyl itaconate (1-30b) resulted in a moderate enantioselectivity of 67 % (R) in 
CH2Cl2 (Table 1-3, entry 1).[54] The addition of 10 equivalents of 1-43 had only a minor 
influence and gave a comparable selectivity of 69 % ee (entry 2). The (S)-BINAP 
derived catalyst yielded a similar ee of 73 % for the (S)-product in the presence of 1-43 
(entry 3). Thus, the chiral salt does not seem to alter very significantly the asymmetric 
induction of the pure enantiomers. However, using the rac-BINAP ligand in 
combination with 2.6 equivalents of 1-43 gave product dimethyl 2-methylsuccinate (1-
31b) with an enantioselectivity of 11 % (entry 4). Increasing the chiral borate 1-43 
content gradually from 2.6 to 60 equivalents resulted in an increase in the 
enantioselectivity up to 57 % (entry 4-8). Further increase did not improve the 
enantioselectivity, partly at least because of solubility limitations of 1-43 in the reaction 
mixture (entry 9). Thus, the level of enantioselectivity with rac-BINAP in the presence 
of 1-43 reaches 85 % of the maximum asymmetric induction obtained with the 
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enantiopure ligand. These results clearly demonstrate the possibility to perform 
asymmetric catalytic hydrogenation reactions with racemic ligands in the presence of 
chiral borate anions.  
 
Table 1-3. Rh-catalyzed hydrogenation of dimethyl itaconate (1-30b) in the presence of 
1-43.a 
 
 
 
Entry Ligand Solvent 1-43[eq./Rh] ee % 
1 (R)-BINAP CH2Cl2 - 67 (R) 
2 (R)-BINAP CH2Cl2 10 69 (R) 
3 (S)-BINAP CH2Cl2 10 73 (S) 
4 rac-BINAP CH2Cl2 2.6 11 (S) 
5 rac-BINAP CH2Cl2 6.6 33 (S) 
6 rac-BINAP CH2Cl2 10 40 (S) 
7 rac-BINAP CH2Cl2 20 50 (S) 
8 rac-BINAP CH2Cl2 60 57 (S) 
9 rac-BINAP CH2Cl2 120 53 (S) 
10 rac-BINAP CH2Cl2 / EtOH (1:2) 10 rac 
a Reaction conditions: Rh = 0.01 mmol; BINAP / Rh = 1; Substrate (1-30b) / Rh 
= 200; p(H2) = 40 bar; CH2Cl2 = 2 ml; t = 16 h; T = rt; Full conversion was 
achieved in all experiments;  Conversion and enantioselectivity were determined 
by GC (Lipodex E). 
 
If ion pair formation is essential for efficient enantio-differentiation, the asymmetric 
induction should strongly depend on solvent polarity. To elucidate this effect, the 
reaction medium dichloromethane was diluted with ethanol. This mixture was chosen 
because it is known that the enantiopure catalyst gives comparable selectivities in both 
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solvents.[54] With the catalyst generated from rac-BINAP and 1-43, however, a 
complete depletion of the enantioselectivity was observe in the presence of a 1:2 
mixture of dichloromethane and ethanol, and only racemic product was obtained (Table 
1-3, entry 10). This observation is fully in line with the strong interference of polar 
protic solvents with ion pair formation.[66] Therefore, careful selection of the reaction 
medium is important for the successful application of chiral anions with racemic or 
achiral cationic catalysts. 
In order to get insight how the formation of the ion pairs affects the asymmetric 
induction, the rates of hydrogenation were monitored for the enantiopure (R)-and (S)-
BINAP catalysts in presence of 1-43. The results are summarized in figure 1-11. The 
conversion / time profiles obtained by monitoring the hydrogen uptake clearly show that 
the catalyst formed form (S)-BINAP (squre) in the presence of 1-43 leads to much faster 
hydrogenation than that obtained with (R)-BINAP (cycle). The hydrogenation uptake 
rate of the (S)-BINAP complex without addition of the borate additive 1-43 resulted in a 
comparable reaction rate as in the presence of the chiral anion. Thus, the lower catalytic 
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Figure 1-11. Hydrogen uptake for Rhodium-catalyzed hydrogenation of dimethyl 
itaconate (1-30b) with (R)-(cycle) and (S)-BINAP (square). [Rh(acac)(cod)] (0.01 
mmol), 1-30b / Rh = 630 / 1, BINAP / Rh / 1-43 = 1:1:60, CH2Cl2 (4 mL), rt. Off-line 
analysis confirmed full conversion in both reactions. 
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activity of the [(R)-BINAP-Rh] fragment compared to the S congener can be tentatively 
traced back to the formation of a less reactive diastereomeric catalyst in presence of 1-
43. These results suggest that the highly efficient enantio-differentiation in the present 
system is mainly based on chiral deactivation[35-36, 67] of the (R)-BINAP complex 
through ion paring with the borate anion 1-43. This observation demonstrates the first 
example of chiral poisoning by a chiral counter ion in transition metal catalysis. 
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1.4 Conclusions and Outlook 
This part of the thesis focused on the development of novel asymmetric hydrogenation 
systems with chiral ionic liquids as the only chiral inducers. The validity of this strategy 
was demonstrated for the Rh-catalyzed hydrogenation of benchmark substrates methyl 
2-acetamidoacrylate (1-30a) and dimethyl itaconate (1-30b) using cation or anion chiral 
ionic liquids in combination with diphosphine ligands including tropos ligands, and 
racemic atropos ligands. 
The combination of tropos ligands BIPHEP (1-28) or sulfonated BIPHEP (1-29) with 
proline derived chiral ionic liquid 1-37a was successfully applied in Rh-catalyzed 
asymmetric hydrogenation. With sulfonated BIPHEP (1-29) as the ligand, the 
hydrogenation of benchmark substrate methyl 2-acetamidoacrylate (1-30a) in cation 
chiral ionic liquids [MeProl][NTf2] (1-37a) resulted in 49 % ee. Addition of 20 
equivalent of triethylamine with respect to the catalyst led to a remarkable increase of 
the enantioselectivity to 69 % ee. The reusability of the catalytic system was 
demonstrated using scCO2 as the extracting medium. The ionic liquid phase containing 
the catalyst could be recycled 3 times with about 70-75 % retention of activity and 
selectivity. The non-functionalized BIPHEP (1-28) gave also significant levels of 
enantioselectivity, indicating that the sulfonate group is beneficial but not essential for 
the enantioselection mechanism. 
The use of atropos and racemic ligand BINAP (1-27) in the Rh-catalyzed hydrogenation 
of dimethyl itaconate (1-30b) in chiral ionic liquids [MeProl][NTf2] (1-37a) resulted in 
69 % ee, which was identical to that obtained by using enantiopure BINAP in 
conventional solvents. Using kinetic and NMR spectroscopic measurements, the impact 
of the chiral ionic liquids on the racemic catalyst was analyzed. 31P-NMR-
measurements indicated that the (R)-enantiomer of the racemic catalyst is deactivated 
through the coordination with proline methyl ester. Thus, the mechanism of the catalytic 
system could be attributed to chiral poisoning. Additionally, the use of chiral ionic 
liquids together with enantiopure BINAP led to an enhanced enantioselectivity and 
inverted absolute configuration in the hydrogenation of the dehydroamino acid substrate 
1-30a compared to those achieved in organic solvents. 
For investigation of chiral anions, a chiral borate salts 1-43 was readily synthesized 
from (S)-1,1’-2-binaphthol in one step. With this chiral borate as additive, the rac-
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BINAP / Rh complex catalyzed hydrogenation of dimethyl itaconate (1-30b) yielded the 
corresponding product in enantioselectivities up to 57 %. The level of enantioselectivity 
reached 85 % of the maximum asymmetric induction obtained with enantiopure BINAP 
under conventional conditions. NMR spectroscopic and kinetic investigation suggested 
a chiral poisoning mechanism of the catalytic system. Formation of ion-pair between 
catalyst cation and chiral anion was found to be essential for efficient chiral 
discrimination. 
In future experiments, the mechanistic investigation for tropos ligand catalytic system 
could be carried out. NMR spectroscopic studies might provide useful information 
about the interaction between chiral ionic liquid with tropos catalyst to clarify the 
mechanism of chirality transfer in the presence of chiral ionic liquids and to reveal 
similarities and differences to the atropos system. 
To further increase the chiral induction, functionalization of BINAP ligand might be a 
useful further development, as the sulfonated BIPHEP / Rh catalyst showed higher 
enantioselectivity than the unfunctionalized catalyst in the presence of chiral ionic 
liquid. 
Given that chiral poisoning has been successfully used for enantioselective 
hydrogenation of ketones,[37] the application of the CILs developed here to Ru-catalyzed 
hydrogenation of ketone might be also a promising candidate for future investigation.  
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1.5 Experimental 
1.5.1 General 
All reactions involving air or moisture-sensitive compounds were carried out under 
argon using standard Schlenk techniques or a glovebox. Solvents for extraction and 
chromatography were technical grade and distilled prior to use. Solvents used in 
reaction were dried and degassed prior to use. Unless otherwise noted, all materials 
were obtained from commercial suppliers and were used without further purification. 
NMR experiments were performed on a Bruker DPX-300, AV-400 or AV-600 
spectrometer. The operating frequencies of these spectrometers for NMR measurements 
are listed in table 1-4. 1H, 13C-NMR spectra are referenced to SiMe4 or referencing the 
residual solvent peak. 31P-NMR spectra were referenced externally to 85 % phosphoric 
acid at 0 ppm. Chemical shifts are given in ppm and spin-spin coupling constants, J, are 
given in Hz. For the description of multiplicity of the signal following abbreviations are 
used: s = singlet, d= doublet, t = triplet, q = quadruplet, m = multiplet, br = broad. 
Unless indicated otherwise, the spectra were recorded at room temperature. The 
enantiomeric excesses were determined by GC. 
 
Table 1-4. Operating frequencies of NMR spectrometers. 
Entry Spectrometer Operating frequency / MHz 
  1H 13C 31P 
1 DPX 300 300.1 75.5 121.5 
2 AV 400 400.1 100.6 162.0 
3 AV 600 600.1 150.9 242.9 
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1.5.2 Synthesis 
Typical procedure for preparation of L-amino acid ester derived CILs 
To a solution of amino acid (34.5 g, 0.30 mol) in alcohol (300 ml), thionyl chloride 
(78.0 ml, 1.03 mol) was added dropwise at -10 °C. The reaction mixture was warmed to 
room temperature and stirred for additional 12 hours. Then, all volatiles were removed 
in vacuo and the residue was dissolved in water. Lithium 
bis(trifluoromethylsulfonyl)amide (90.0 g, 0.31 mol) dissolved in water was added and 
the resulting mixture was stirred for additional 30 min at room temperature. CH2Cl2 was 
added and the phases were separated. The organic phase was washed with water until no 
chloride was detected using AgNO3. Afterwards, all volatiles were removed in vacuo. 
The product was obtained as a colorless liquid. 
 
1.5.2.1 (S)-2-(methoxycarbonyl)pyrrolidinium bis(trifluoromethylsulfonyl)amide 
(1-37a): prepared from L-proline and methanol. 
 
 
C8H12F6N2O8S2, 442.31 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 7.79 (brs, 1H, NH2), 7.33 (brs, 1H, NH2), 4.50 (m, 
1H), 3.88 (s, 3H), 3.57 (m, 2H), 2.43-2.55 (m, 1H), 2.02-2.27 (m, 3H);  
 
13C-NMR (75 MHz, CDCl3): δ = 168.3, 119.6 (q, JC-F = 319 Hz), 60.3, 54.1, 47.7, 28.5, 
23.8 ppm. 
 
1.5.2.2 (S)-2-(ethoxycarbonyl)pyrrolidinium bis(trifluoromethylsulfonyl)amide (1-
37b): prepared from L-proline and ethanol. 
 
 
C9H14F6N2O8S2, 456.34 g / mol 
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1H-NMR (300 MHz, CDCl3): δ = 6.35 (brs, 2H, NH2), 4.45 (m, 1H), 4.32 (q, J = 7.2 Hz, 
2H), 3.53 (m, 2H), 2.40-2.55 (m, 1H), 1.97-2.27 (m, 3H), 1.33 (t, J = 7.2 Hz, 3H); 
 
13C-NMR (75 MHz, CDCl3): δ = 169.2, 119.6 (q, JC-F = 319 Hz), 63.8, 60.2, 47.5, 28.7, 
23.9, 13.8. 
 
1.5.2.3 (S)-2-(isopropoxycarbonyl)pyrrolidinium bis(trifluoromethylsulfonyl)amide 
(1-37c): prepared from L-proline and isopropanol. 
 
 
C10H16F6N2O8S2, 470.03 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 7.16 (brs, 2H, NH2), 5.12 (sept, J = 6.5 Hz, 1H), 4.42 
(m, 1H), 3.43-3.63 (m, 2H), 2.36-2.57 (m, 1H), 1.95-2.24 (m, 3H), 1.28 (d, J = 6.5 Hz, 
6H); 
 
13C-NMR (75 MHz, CDCl3): δ = 168.4, 119.6 (q, JC-F = 319 Hz), 72.5, 60.4, 47.7, 28.6, 
23.8, 21.4, 21.3. 
 
1.5.2.4 (S)-2-(tert-butoxycarbonyl) pyrrolidinium bis(trifluoromethylsulfonyl) 
amide (1-37d): prepared from commercially available L-proline tert-butyl ester with 
Lithium bis(trifluoromethylsulfonyl)amide. 
 
 
C11H18F6N2O8S2, 487.39 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 7.83 (brs, 1H, NH2), 7.16 (brs, 1H, NH2), 4.37 (m, 
1H), 3.54 (m, 2H), 2.31-2.54 (m, 1H), 1.93-2.24 (m, 3H), 1.50 (s, 9H); 
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13C-NMR (75 MHz, CDCl3): δ = 167.8, 119.6 (q, JC-F = 319 Hz), 86.0, 60.6, 47.6, 28.8, 
27.7, 23.8. 
 
1.5.2.5 (S)-2-(methoxycarbonyl)pyrrolidinium nitrate (1-37e): prepared from L-
proline methyl ester hydrochloride with AgNO3. 
 
 
C6H12N2O5, 192.17 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 9.31 (brs, 2H, NH2), 4.52 (m, 1H), 3.77 (s, 3H), 3.45-
3.65 (m, 2H), 2.35-2.49 (m, 1H), 1.96-2.23 (m, 3H); 
 
13C-NMR (75 MHz, CDCl3): δ = 169.6, 59.6, 53.4, 46.5, 28.7, 23.8. 
 
1.5.2.6 (S)-1-methoxy-3-methyl-1-oxobutan-2-ammonium bis(trifluoromethyl-
sulfonyl)amide (1-34): prepared from L-valine and methanol. The IL was extracted 
from water solution with diethyl ether. 
 
 
C8H14F6N2O8S2, 487.39 g / mol 
 
1H-NMR (300 MHz, d6-DMSO): δ = 8.29 (brs, 3H, NH3), 3.96 (m, 1H), 3.78 (s, 3H), 
2.07-2.21 (m, 1H), 0.98 (d, J = 7.0 Hz, 3H), 0.95 (d, J = 7.0 Hz, 3H); 
 
13C-NMR (75 MHz, d6-DMSO): δ = 169.4, 119.6 (q, JC-F = 319 Hz), 57.3, 52.3, 29.3, 
18.1, 17.6. 
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1.5.2.7 Triethylammonium bis ((S)-1,1’-2-naphtholato)borate (1-43) 
 
To a solution of boric acid (540 mg, 8.74 mmol) and triethylamine (2.7 ml, 26.2 mmol) 
in acetonitrile (40 ml), (S)-1,1’-2-binaphthol (5.00 g, 17.5 mmol) was added. The 
reaction mixture was heated at 80 oC for 16 hours. The precipitate was collected by 
filtration and dried under vacuum to give a white solid. 
 
 
C46H40BNO4, 681.31 g / mol 
 
1H-NMR (300 MHz, d6-DMSO): δ = 8.66 (brs, 1H), 7.96 (m, 8H), 7.23-7.45 (m, 8H), 
7.16 (m, 8H), 2.91 (q, J = 7.3 Hz, 6H), 1.00 (t, J = 7.3 Hz, 9H); 
 
13C-NMR (75 MHz, d6-DMSO): δ = 156.0, 132.8, 129.0, 128.2, 128.1, 125.8, 124.8, 
124.5, 122.5, 121.9, 45.7, 8.51. 
 
1.5.3 General procedure for the catalytic hydrogenation with tropos 
ligands in cation CILs 
The catalyst was formed in situ dissolving sulfonated BIPHEP (1-29) (9.7 mg, 0.013 
mmol) in [MeProl][NTf2] (1-37a) (0.8 mL) and then adding [Rh(cod)2]BF4 (4.7 mg, 
0.012 mmol) as a CH2Cl2 solution (2.0 mL). After 10 min, the substrate methyl 2-
acetamidoacrylate (1-30a) or dimethyl itaconate (1-30b) (2.40 mmol) was added and the 
resulting solution was transferred into a stainless steel reactor (12 mL) equipped with 
thick-glass windows. CH2Cl2 was removed under vacuum and the reactor pressurized 
with hydrogen (40 bar). Although strong magnetic stirring-bars were used, only poor 
mixing of the highly viscous reaction mixture was achieved as confirmed by visual 
control. After 16 h, a small sample of the reaction mixture was taken out from the 
autoclave, diluted with CH2Cl2, and analysed via GC. It should be noted that although a 
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16 h standard reaction time was chosen, the reaction proceeds probably much more 
rapidly as constant pressure was usually observed within one hour. 
GC conditions: methyl 2-acetamidopropanoate (1-31a): Ivadex 7, 25 m × 0.25 mm, 2.0 
ml H2, 90 oC for 10 min, then 5 oC / min to 160 oC, 160 oC for 10 min, FID temperature 
250 oC, , t ((S)-product) = 5.8 min, t ((R)-product) = 6.9 min. 
Dimethyl 2-methylsuccinate (1-31b): LIPODEX E, 25 m × 0.25 mm, 0.8 ml / min H2, 
80 oC, FID temperature 250 oC, t ((R)-product) = 14.1 min, t ((S)-product) = 14.5 min 
Extraction procedure: After the reaction, the reactor was vented and a small sample was 
taken out for GC-analysis. The product was extracted by flushing scCO2 through the 
reactor (260 bar, 40 °C) for 4 hours with an exit flow of 1.5 L min-1. The product was 
collected in a cold trap (dry ice / acetone) almost quantitatively (recovery between 80-
95 %). The ee measurements of crude mixture and of the extracted products were 
identical within the analytical error (discrepancy < 0.4 %) ruling out an 
enantioenrichment of the product in the extract or in the IL. 
 
1.5.4 General procedure for the catalytic hydrogenation with atropos 
ligands in cation CILs 
The catalyst was formed in situ by mixing BINAP (6.2 mg, 0.01 mmol) and an 
equimolar amount of the rhodium precursor [Rh(acac)(cod)] (1-38), [Rh(acac)(CO)2] 
(1-39) or [Rh(cod)2BF4] (1-40) in CH2Cl2 for 2 h at room temperature. Then, all 
volatiles were removed under vacuum and the residue was dissolved in [MeProl][NTf2] 
(0.2 mL) and CH2Cl2 (0.8 mL). The substrate (3 mmol) was added and the resulting 
solution was transferred into a stainless steel reactor (10 mL). The reactor was 
pressurized with hydrogen (40 bar) and the reaction mixture was stirred for 16 h at room 
temperature. After having vented the reactor, a small sample of the reaction mixture was 
withdrawn via cannula, diluted with CH2Cl2, and analyzed via GC (see General 
procedure for the catalytic hydrogenation in section 1.2.1). 
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1.5.5 General procedure for the catalytic hydrogenation with atropos 
ligands in the presence of chiral anions 
The catalyst was formed by the in situ mixing of BINAP (6.2 mg, 0.01 mmol) and an 
equimolar amount of rhodium precursor [Rh(acac)(cod)] in CH2Cl2 for 1 h at room 
temperature. HBF4·Et2O (2.8 µl, 0.011 mmol) was added and the resulting orange 
solution was stirred at room temperature for additional 30 min. Then, all volatiles were 
removed under vacuum and the residue was dissolved in the solution containing the 
borate 1-43 in CH2Cl2 (2 mL). The substrate dimethyl itaconate (2 mmol) was added 
and the resulting solution was transferred into a stainless steel reactor (10 mL). The 
reactor was pressurized with hydrogen (40 bar) and the reaction mixture was stirred for 
16 h at room temperature. After venting the reactor, a small sample of the reaction 
mixture was withdrawn by cannula, filtered over silica, diluted with CH2Cl2 and then 
analyzed by GC (see General procedure for the catalytic hydrogenation in section 
1.2.1). 
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2. Metal-free hydrogenation with chiral boron-based Lewis 
acids 
The addition of hydrogen (H2) to C=C, C=O or C=N double bonds is a fundamental 
transformation with extremely broad synthetic application in laboratory and industrial 
scale. Molecular hydrogen is fairly stable (bond energy: 104 kcal / mol), but can be 
activated with catalysts. Typically, H2 activation and utilization in chemical reactions is 
mediated by transition metal complexes.[68] This concept can also be found in 
hydrogenase enzymes, where the H2 converting process is based on the oxidative 
addition and reductive elimination of H2 at a metal centre.[69] However, analogous 
reactions by non-metallic main group compounds at mild conditions are quite rare. For 
example, main group element-H2 reactions have only been reported in low temperature 
matrices.[70] Power and co-workers demonstrated that the reaction of H2 with germynes 
resulted in a mixture of digermene, digermane and primary germane products.[71] 
Bertrand and co-workers showed that also sterically demanding alkyl-amino-carbenes 
can activate H2 and enable the conversion of a carbene carbon to a methylene group.[72] 
This chapter provides an overview on transition metal free hydrogenation focusing both 
on the splitting of the H2 molecule and its transfer to unsaturated functional groups 
 
2.1 Metal-free H2 activation and catalytic hydrogenations by 
‘frustrated Lewis pairs’ (FLPs) 
Very recently, the group of Stephan developed a concept for metal-free hydrogenation 
based on ‘frustrated Lewis pairs’. In this system, sterically hindered Lewis donors and 
very electrophilic Lewis acceptors are present, and their steric demands preclude 
formation of simple Lewis acid-base adducts (Scheme 2-1). These non-self-quenching 
Lewis pairs allow the Lewis acidic and Lewis basic sites to react in cooperative way 
towards other molecules such as H2 in an unique fashion.[73] 
 
 44
+
Lewis acid Lewis base Steric repulsion prevent adduct formation  
 
Scheme 2-1. Frustrated Lewis pairs. 
 
Generally, Lewis acids and Lewis bases form Lewis adducts,[74] but attaching sufficient 
bulky substituents at the central atoms prevents such quenching reaction.[75] 
Interestingly, some of these acid-base pairs are able to attack suitable molecules in a 
nucleophilic and electrophilic manner simultaneously, thus providing alternative 
reaction pathways.[76] In early investigations, Tochtermann coined the term 
‘Antagonistic Lewis acid-base Pair’ to describe the Lewis pairs which do not react 
irreversibly with each other.[77] However, these findings did not gain much attention at 
the time. Recently, Stephan and co-workers revisited such systems and demonstrated 
their large synthetic potential. As a starting point, they prepared a family of borane 
derivatives with electron donating phosphine or electron withdrawing phosphonium 
groups in the para-position to a Lewis acidic boron centre by the reaction of sterically 
hindered phosphine with strong Lewis acid B(C6F5)3 (Scheme 2-2).[78]  
 
 
 
Scheme 2-2. Synthesis of phosphine-boranes and phosphonium-boranes by Stephan. 
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Further investigations indicated that fluoride-hydride exchange at the boron centre in 
[R2PH(C6F4)BF(C6F5)2] (Scheme 2-3) could be achieved by treatment with 
chlorodimethylsilane (Me2SiHCl), producing phosphonium borate 
[R2PH(C6F4)BH(C6F5)2].[79] This compound is an unusual zwitterion which contains 
both protic and hydridic centres in its structure. Interestingly, the compound 
[R2PH(C6F4)BH(C6F5)2] underwent stoichiometric loss of H2 when warmed to 100 oC in 
toluene. The resulting phosphino-borane [R2P(C6F4)B(C6F5)2] could be isolated, and 
when subsequently exposed to H2 at room temperature, the parent phosphonium borate 
was cleanly regenerated.[80] This first example of reversible H2 activation by a non-
metallic species was attributed to the unique reactivity of unquenched Lewis acidity and 
basicity from the ‘Frustrated Lewis pairs’. 
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Scheme 2-3. Reversible activation of H2 with a ‘frustrated Lewis pair’. 
 
From this observation, the question arises whether ‘frustrated Lewis pairs’ are also to 
activate H2 catalytically in hydrogenation processes. Indeed, the phosphonium borate 
[R2PH(C6F4)BH(C6F5)2] (R = C6H2Me3, t-Bu) was shown to catalyze reduction of 
imines at elevated temperatures.[81] Bulky substituents on the nitrogen atom in the 
structure of imines were required to achieve catalytic reduction. Less hindered imines 
such as PhCH2N=CPh(H) afforded stoichiometric reductions, because the resulting 
amine bound tightly to the active borane centre of the phosphino-borane, inhibiting 
further H2 activation. In addition, B(C6F5)3 bound aryl- or alkyl-nitriles and N-aryl 
aziridines were also successfully reduced to the corresponding amines under similar 
conditions. The proposed mechanism of the hydrogenations was shown to initiate imine 
protonation by the phosphonium centre followed by borohydride attack at the iminium 
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salt (Scheme 2-4). The related computational study of the catalytic cycle was 
investigated by T. Privalov.[82] 
 
 
Scheme 2-4. Catalytic hydrogenation of imines by ‘Frustrated Lewis Pairs’. 
 
Subsequent research work by the same group demonstrated that H2 activation could also 
be achieved by a simple combination of phosphines and boranes.[83] They employed 
sterically hindered phosphines P(t-Bu)3 or P(Mes)3 and strong Lewis acid B(C6F5)3 into 
the system. In solution, free phosphine and borane were detected by NMR, steric effects 
prevented any Lewis acid-base interactions even at -50 oC. Exposure of these ‘frustrated 
Lewis pairs’ to an atmosphere of H2 at room temperature immediately generated the 
phosphonium borate [R3PH][HB(C6F5)3] (Scheme 2-5). H2 activation was also observed 
by using bulky phosphino-ferrocenes.[84] However, not all of the ‘frustrated Lewis pairs’ 
could react with H2: sufficient steric hindrance and appropriate Lewis acidity / basicity 
are both required to affect H-H bond cleavage. Computational studies of the activation 
systems were performed by I. Pápai and co-workers.[85] 
In contrast to the intramolecular phosphonium borate systems (Scheme 2-3), the above-
mentioned compound [R3PH][HB(C6F5)3] did not liberate H2 at elevated temperature. 
However, structural modification of the existing ‘frustrated Lewis pairs’ furnished 
reversibility of H2 activation also in this case.[86] The modified Lewis pair [P(o-
C6H4Me)3][B(p-C6F4H)3] reacted with H2 at room temperature to give [HP(o-
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C6H4Me)3][HB(p-C6F4H)3], placing this salt under vacuum resulted in H2 liberation, 
albeit slow, requiring 9 days to achieve 85 % conversion (Scheme 2-5). 
 
 
 
Scheme 2-5. Activation H2 by various phosphine borane combinations. 
 
Following the pioneering research work by Stephan, a number of metal-free H2 
activation systems based on ‘frustrated Lewis pairs’ have been developed. Some of the 
systems were successfully used for catalytic hydrogenation. 
G. Erker and co-workers reported a weakly intramolecularly interacting phosphine 
borane Lewis pair [(C6H2Me3)2PCH2CH2B(C6F5)2] that cleaved H2 rapidly at room 
temperature to produce the ethylene-linked zwitterion 
[(C6H2Me3)2PHCH2CH2BH(C6F5)2] (Scheme 2-6, top).[87] Although the H2 activating 
reaction was not thermally reversible, the zwitterion was able to catalyze hydrogenation 
of bulky enamines and imines efficiently even at room temperature and 2.5 bar of H2.[88] 
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Scheme 2-6. H2 activation systems developed by the group of G. Erker. 
 
More recently, the same group developed an reversible ‘frustrated Lewis pairs’ by the 
combination of 1,8-bis(diphenylphosphino)-naphthalene / B(C6F5)3 (Scheme 2-6, 
bottom).[89] This Lewis pair reacted smoothly with H2 at room temperature in toluene, 
and the resulting phosphonium borate could liberate H2 to regenerate the diphosphino-
borane Lewis pair even at 60 oC. Moreover, such diphosphine-borane pair was an 
effective catalyst for the hydrogenation of a variety of silyl enol ethers at room 
temperature. 
Recent research work by the group of Stephan showed that bulky electron-rich 
phosphide and electron-deficient B(C6F5)2 fragments yielded phosphinoborane 
R2P=B(C6F5)2 that underwent addition of H2 to afford phosphine-borane complexes 
[R2PH][HB(C6F5)2] (Scheme 2-7).[90] However, the H2 splitting reaction proceeded 
rather slowly, requiring more than 2 weeks to reach considerable conversion. 
Nonetheless, stoichiometric addition of H2 was observed on heating the phosphine-
borane complexes to 60 oC for 48 hours under H2. The phosphine-borane complexes 
[R2PH][HB(C6F5)2] could be also prepared by the reaction of the corresponding  
secondary phosphines with HB(C6F5)2. T. Privalov showed computationally that the 
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bulky phosphinoborane R2P=B(C6F5)2 might be efficient reagents for dehydrogenation 
of alcohols.[91]  
 
R2PLi ClB(C6F5)2 R2PB(C6F5)2
H2 [R2PH][HB(C6F5)2]
R2PH HB(C6F5)2
H2+
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B(C6F5)2
R2
P
(C6F5)2B
P
R2
R = Et, Ph  
 
Scheme 2-7. Activation of H2 by phosphinoboranes R2PB(C6F5)2. 
 
Instead of using bulky phosphine, very recently, both Stephan and Tamm applied 
sterically hindered N-heterocyclic carbenes (NHCs) combined with B(C6F5)3 to study 
the reactivity of the ‘frustrated Lewis pair’ (Scheme 2-8).[92] In both of cases, t-BuNHC 
and B(C6F5)3 could react with H2 to yield the corresponding protic hydrido complex. 
However, this system failed to reduce imines even under stoichiometric conditions. 
Tamm and co-workers observed that t-BuNHC / B(C6F5)3 would lose their reactivity 
towards H2 within 2 hours at room temperature due to the formation of a borane-carbene 
adduct.[93] Additionally, Stephan et al. demonstrated that this Lewis pair combination 
could cleave N-H bonds, affording aminoborate salts, or mediated loss of C6F5H to give 
aminoboranes. The latter case was also shown to be catalytic in carbene. 
 
 
 
Scheme 2-8. Reactions of frustrated Lewis pairs NHC / B(C6F5)3. 
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The research groups of Repo and Rieger recently extended the family of ‘frustrated 
Lewis pairs’ and revealed that inexpensive bulky amine could serve as the base 
component of a ‘frustrated Lewis pairs’ for H2 activation. Thus, exposure the 2,2,6,6-
tetramethylpiperidine / B(C6F5)3 to an atmosphere of H2 rapidly resulted in formation of 
ammonium hydridoborate salt (Scheme 2-9).[94] Due to the fact that some other bulky 
amines with B(C6F5)3 failed to cleave H2 at similar conditions, it was proposed that H2 
activation is only possible under favorable steric and electronic conditions. In analogy 
to most of the other non-bridged ‘frustrated Lewis pairs’, this H2 activating reaction was 
also irreversible. The ammonium hydridoborate was shown to effect only stoichiometric 
reduction of benzaldehyde due to the formation of B-O bond, precluding further H2 
activation and hydrogenation. In a very much related work they reported a linked bulky 
amine-borane ‘frustrated Lewis pairs’ (Scheme 2-9).[95] The tweezers-like compound N-
TMPN-CH2[o-C6H4B(C6F5)2] reacted rapidly with H2 at room temperature, and the 
reverse reaction was achieved by heating the corresponding ammonium-borane in 
toluene. Further investigations demonstrated that the linked amino-borane was an 
efficient catalyst for hydrogenation of less sterically hindered imines such as 
PhCH2N=CPh(H) which could not be catalytically reduced by Stephan’s phosphino-
borane [R2PH(C6F4)BH(C6F5)2].[81] 
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Scheme 2-9. H2 activation systems developed by the groups of T. Repo and B. Rieger. 
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Alternatively, Stephan et al. investigated a system of lutidine / B(C6F5)3 and observed 
that 1:1 mixture of 2,6-lutidine and B(C6F5)3 in solution gave rise to an equilibrium 
between free lutidine / B(C6F5)3 and the general Lewis acid-base adduct.[96] Their 
relative abundance of the species in the solution was dependent on the temperature, 
indicating that the lutidine / B(C6F5)3 combination was at the boundary of classical and 
‘frustrated Lewis pair’. Interestingly, this Lewis pair showed ‘frustrated Lewis pairs’ 
reactivity, and could effect ring opening of THF and react with H2 at room temperature. 
The salts [2,6-Me2C5H3NH][HB(C6F5)3] after the H2 splitting showed loss of H2 by 
addition of pyridine and with heating to 100 oC for 8 hours (Scheme 2-10). The 
corresponding reactions of more bulky 2,6-diphenylpyridine or 2-tert-butylpyridine 
with B(C6F5)3 demonstrated no evidence of adduct formation and afforded H2 splitting 
upon exposure to H2.[97] 
 
 
 
Scheme 2-10. Reactivity of lutidine / B(C6F5)3. 
 
Berke et al. applied various boranes as Lewis acids to study H2 activation system in 
greater detail. The diborane 1,8-bis(diperfluorophenylboryl)naphthalene with bulky 
amine 2,2,6,6-tetramethylpiperidine under H2 atmosphere resulted at 80 oC in the 
formation of the H2 splitting product in quite low yield (23 %). The diborane could be 
used alone as the catalyst for the hydrogenation of imines (Scheme 2-11).[98] 
Additionally, they demonstrated that the (C6F5)2BCl and (C6F5)2BH could act as the 
acid component of a ‘frustrated Lewis pairs’ for H2 activation, however, the instability 
of the resulted H2 splitting complexes would be an issue for their further application in 
catalytic hydrogenation.[99]  
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Scheme 2-11. H2 activation systems developed by the group of H. Berke. 
 
Besides activating H2, the ‘frustrated Lewis pairs’ have also been applied in a range of 
reaction for the activation of small molecules, such as alkenes,[100] dienes,[101] 
alkynes,[102] B-H bonds,[103] S-S bonds,[104] CO2,[105] and N2O.[106] 
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2.2 Objective of the present work 
Since Stephan’s pioneering work in 2006,[79] metal-free H2 activation and 
hydrogenation related with ‘frustrated Lewis pairs’ has been greatly developed. A 
number of reversible and irreversible H2 activating or splitting systems have been 
investigated experimentally and computationally. In this aspect, much effort has been 
devoted to introducing new bulky Lewis bases to the ‘frustrated Lewis pairs’, but 
considerable less work has focused on the modification of Lewis acid component 
B(C6F5)3. In respect to the metal-free catalyzed hydrogenation, several H2 activating 
systems are shown to be active for catalytic hydrogenation of a range of substrates, such 
as enamines and silyl enol ethers. In most of the cases the catalysts requires a special 
combination of Lewis acids / bases, which could obviously complicate the 
hydrogenation systems. More importantly, the extension of this metal-free concept to 
asymmetric hydrogenation has not been achieved so far except the preliminary work of 
this thesis.[107] 
The main objective of the work in this part is the exploration of a simple system for 
metal-free hydrogenation with ‘frustrated Lewis pairs’ and the extension of this concept 
to asymmetric hydrogenation. 
First, simple Lewis acid B(C6F5)3 or (C6F5)2BH was used as catalyst for the 
hydrogenation of imine substrates. In the catalysis, the imines serve as the base-partner 
of ‘frustrated Lewis pair’. The mechanism of the catalysis was investigated (chapter 
2.3.1). 
Based on the mechanistic studies, the extension of this metal-free concept to 
enantioselective hydrogenation was probed by using chiral boranes. A number of chiral 
boranes were synthesized and selected as catalysts for hydrogenation of imines (chapter 
2.3.2). 
Finally, stable chiral boranes were applied in the hydrogen activation together with bulk 
phosphine t-Bu3P. Diastereomeric pure boron compounds were isolated. With these 
boron compounds as catalysts, the metal-free hydrogenation of imines was evaluated 
(chapter 2.3.3). 
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2.3 Result and Discussion 
2.3.1 Simple Lewis acid catalyzed hydrogenation 
As already introduced in chapter 2.1, only a suitable combination of Lewis acid and 
base will facilitate H2 activation.[73] So it is reasonable to use such combination of 
Lewis pair as a catalyst system for catalytic hydrogenation.[81] As the imine substrates 
are typical Lewis bases, it is envisioned that the imine could also act as the base in the 
‘frustrated Lewis pair’ to activate H2. The typical acid component of the ‘frustrated 
Lewis pairs’ — B(C6F5)3 (2-1) was chosen for the subsequent investigation.[107-108] 
 
2.3.1.1 B(C6F5)3 catalyzed hydrogenation of imines 
Highly pure B(C6F5)3 (2-1) was prepared by the reaction of C6F5Li with BCl3 in pentane 
at -78 oC (Scheme 2-12).[109] B(C6F5)3 is remarkably air and moisture stable,[110] 
however, it should be stored under argon due to the facile adduct formation with 
water.[111] 
 
 
 
Scheme 2-12. Synthesis of tris(perfluorophenyl)borane B(C6F5)3 (2-1). 
 
In initial experiments, the B(C6F5)3 (2-1) catalyzed hydrogenation of electron-poor 
imine N-benzylidene-4-methylbenzenesulfonamide 2-2a was studied. At 80 oC, 10 bar 
of H2 and in the presence of 10 mol % of 2-1 as the catalyst, only 7 % conversion with 
selectivity of 43 % towards 2-3a was observed (Table 2-1, entry 1). Increasing the 
hydrogen pressure to 20 bar at 80 oC resulted in 89 % conversion to the amine 2-3a with 
only the borane catalyst 2-1 present in the reaction mixture. In addition, 8 % hydrolysis 
by-products were obtained (entry 2). Even under rigorous exclusion of water, hydrolysis 
to benzaldehyde and tosylamine was observed under these reaction conditions. The 
ability of borane 2-1 to scavenge trace amounts of water is already documented and 
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could partially account for this effect.[111b] The application of higher temperature (100 
oC) at 20 bar of hydrogen pressure affected the selectivity adversely and gave 21 % 
hydrolysis by-products and 70 % of the amine 2-3a (entry 3). The optimal selectivity for 
substrate 2-2a was obtained at 100 oC and 30 bar hydrogen pressure (99 % conversion 
and 99 % selectivity, entry 4). Interestingly, the reaction of imine 2-2b gave full 
conversion towards the amine 2-3b, and no detectable side reaction was observed (entry 
5). 
 
Table 2-1. Hydrogenation of imine 2-2 with B(C6F5)3 as catalyst.a 
 
 
 
Entry Substrate T / oC pH2 / bar Conv. (%) Selec. (%) 
1 2-2a 80 10 7 43 
2 2-2a 80 20 97 92 
3 2-2a 100 20 91 77 
4 2-2a 100 30 99 99 
5 2-2b 80 20 99 99 
a Reaction conditions: toluene, t = 15 h, substrate =  0.1 mmol, 10 mol % 
B(C6F5)3 
 
Changing the substrate to the sterically hindered imine 2,3,3-trimethyl-3H-indole (2-4) 
required more drastic reaction conditions (Scheme 2-13). At 100 oC and 40 bar 
hydrogen pressure no product 2-5 could be detected in 15 hours. However, at more 
elevated temperatures (140 oC) and 20 bar of hydrogen pressure, 21 % of the product 
could be obtained. Increasing the hydrogen pressure to 40 bar at 140 oC for 22 hours 
gave 2-5 in a moderate yield of 53 %.  
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Scheme 2-13. Hydrogenation of imine 2-4 with B(C6F5)3 as catalyst. 
 
The hydrogenation of compound N-(phenylethylidene)aniline 2-6a was accomplished 
under much milder reaction conditions in comparison to 2-2 and 2-4, and gave amine 2-
7 as the only product. 
 
Table 2-2. Hydrogenation of 2-6 with B(C6F5)3  as catalyst.a 
 
 
 
Entry Substrate pH2 / bar t / h Cat. / mol % Conv. / % 
1 2-6a 10 15 2.5 19 
2 2-6a 10 15 5 68 
3 2-6a 10 15 10 99 
4b 2-6a 10 15 10 29 
5 2-6a 20 6 5 99 
6 2-6b 20 6 5 99 
7 2-6c 20 6 5 99 
8 2-6d 20 6 5 84 
9 2-6e 20 6 5 31 
10 2-6f 20 6 5 63 
11 2-6g 20 6 5 30 
a toluene, T = 80 oC, substrate =  0.1 mmol (entry 1-4), 0.2 mmol (entry 5-
11), conversion was determined by 1H-NMR; b T = 50 oC. 
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Increasing the catalyst loading stepwise from 2.5 to 5.0 and 10.0 mol % (T = 80 oC, pH2 
= 10 bar) resulted in 19, 68 and 99 % conversion (Table 2-2, entry 1-3). Lowering the 
reaction temperature to 50 oC at 10 bar hydrogen pressure reduced the conversion 
considerably to 29 % (entry 4).  
Also, a variety of aromatically substituted imines 2-6 were hydrogenated at 80 oC under 
a pressure of 20 bar H2 in the presence of 5 mol % 2-1 in toluene for 6 hours. The 
reactions with imines 2-6a—c indicated that introducing electron-withdrawing group to 
the para-position of α-phenyl group had no significant effect on the conversion (entry 5-
7), resulting in full conversions in 6 hours. However, imine 2-6d, with electron-
donating methoxy group on the α-phenyl, was reduced with a diminished conversion 
(84 %, entry 8). When the methoxy group was at the para-position of N-phenyl ring, the 
conversion of 2-6e was dramatically dropped to 31 % (entry 9). The reduction of 
substrate 2-6f and 2-6g, with a naphthyl ring, led to lower amine yield of 63 % and      
30 % as determined by 1H-NMR (entry 10 and 11). All of these imines could be fully 
converted to corresponding amines at higher temperature or pressure, or with a longer 
reaction time. 
The hydrogenation of 2-6a was further studied on a nearly 1 gram scale (975 mg, 5 
mmol) in the presence of 1 mol % of 2-1 as catalyst. H2 uptake was monitored by a 
pressure sensor. At 80 oC, 40 bar of initial hydrogen pressure, the reduction of 2-6a was 
accomplished in 7 hours, with a TOF (turn over frequency) of 14 h-1. The product was 
isolated in 91 % yield by column chromatography on silica (eluent: ethyl 
acetate/pentane, 1/10). 
Very similarly, Stephan and co-workers reported that B(C6F5)3 (2-1) was an effective 
catalyst for hydrogenation of bulky imines and the reductive ring-opening of aziridines 
with H2.[108] The mechanism was studied experimentally. Results of NMR 
measurements indicated that imine t-Bu=CPh(H) did not form a dative bond with 2-1, 
consequently this Lewis acid / base pair could be classified as ‘Frustrated Lewis pairs’. 
When their solution was exposed to H2 at room temperature, an amine-borane adduct    
t-Bu(PhCH2)NH·B(C6F5)3 was formed by the reduction of C=N bond. Heating of the 
adduct in the presence of H2 resulted in thermal dissociation of the B-N dative bond and 
hydrogen splitting to generate the salt [t-BuNH2(PhCH2)][HB(C6F5)3] (Scheme 2-14, a). 
In addition, the analogous reaction of more crowded imine DippN=CMe(t-Bu) with 2-1 
under H2 afforded the ion pair [DippN(H)=CMe(t-Bu)][HB(C6F5)3] (Scheme 2-14, b). 
In this case, the steric bulk of the iminium cation precluded hydride transfer to the 
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carbon atom. These observations allowed the formulation of a catalytic cycle, which 
shares a number of features with the mechanism of the related B(C6F5)3 (2-1) catalyzed 
hydrosilylation reactions.[112] The first step involved heterolytic H2 splitting by the 
imine / borane to generate an iminium hydridoborate ion pair. An amine-borane dative 
adduct was then formed in the hydride transfer step. The dissociation of this adduct 
delivered the amine and regenerated the free borane that can enter the cycle again. 
Recently, I. Pápai and co-workers studied Stephan’s work computationally.[113] They 
pointed out that the quenched Lewis adduct t-Bu(PhCH2)NH·B(C6F5)3 (Scheme 2-16, a) 
could be activated thermally to reach the reactive frustrated state. They named this 
process as ‘thermally induced frustration’. This thermally induced ‘frustrated Lewis 
pairs’ was able to split H2 and serve as a catalyst for further hydrogenation of                 
t-BuN=CPh(H), the catalytic cycle is then in fact an autocatalytic reaction (Scheme 2-
14, c). 
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Scheme 2-14. Reactivity of different imines (a, b) and proposed mechanism (c) for 
B(C6F5)3 catalyzed hydrogenation of imines. 
 
In contrast to Stephan’s work, combination of imines from table 2-2 and Lewis acid 2-1 
only yielded stable adducts. None of the imines was able to heterolytically split H2 in 
the presence of 2-1 at room temperature in a spectroscopically relevant amount. Inspired 
by the concept of ‘thermally induced frustration’, it was reckoned that the Lewis adduct 
of substrate 2-6a / 2-1 was activated at high temperature to react with H2, yielding 
corresponding amine 2-7a / 2-1 adduct during the first cycle of reaction. This step is 
similar to the mechanism proposed by Stephan, but it is induced thermally. As 
suggested by Pápai,[113] there are two possible pathways to complete the catalytic cycle. 
One is thermal dissociation of the B-N bond to release the product amine 2-7a and 
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regenerate free borane 2-1 to re-enter the cycle. The other one is the autocatalytic route 
where the resulting Lewis adduct 2-7a / 2-1 is also to activate H2 and act as catalyst for 
hydrogenation of the remaining imine.  
Autocatalysis occurs when the product of a reaction serves as a catalyst for the reaction. 
The latter case of catalytic hydrogenation cycle could consequently be classified as 
autocatalysis. Typically, autocatalytic reaction proceed slowly at the start because there 
is little catalyst present, the rate of reaction increases progressively as the reaction 
proceeds as the amount of catalyst increases and then slows down again as the reactant 
concentration decreases.  
In order to determine which mechanism is the operating mechanism in this system, the 
reaction profile of the hydrogenation of the imine 2-6a by B(C6F5)3 (2-1) was evaluated. 
A pressure sensor attached autoclave (10ml) was charged under argon with a solution of 
imine 2-6a (5 mmol) and 2-1 (2 mol %), the mixture was stirred in a 80 oC oil bath for 
30 min to reach thermal equilibrium. Then the reactor was pressurized with hydrogen 
(40 bar) and the pressure of the system was recorded automatically by a computer.  
0 4000 8000 12000 16000 20000 24000
25
30
35
40 2 mol% 2-1
2 mol% 2-1 + 10 mol% 2-7a 
p 
H
2 [
ba
r]
t [sec]
 
Figure 2-1. Hydrogen uptake for B(C6F5)3 (2-1) catalyzed hydrogenation of 2-6a 
(cycle) and in the presence of 10 mol % of product amine 2-7a (square). 
 
The results are summarized in figure 2-1. In a typical reaction, the hydrogenation of 2-
6a led to a linear hydrogen uptake curve (cycle). No obvious increase of reaction rate 
was observed as the reaction proceeded. Addition of 10 mol % of the product 2-7a to 
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the reaction mixture before the reaction resulted in the identical initial reaction rate 
(square). This observation precluded the autocatalytic mechanism. 
Another possibility is that the autocatalysis is only a competing pathway of the 
reaction.[113] As demonstrated by I. Pápai, the key step is the protonation of the imine 
with [amineH][HB(C6F5)3] in a ternary imine···[amineH][HB(C6F5)3] complex. In this 
case, if the non-chiral amine is substituted by a chiral one, the proton and hydride 
transfer in the ternary complex could work in an asymmetric way, thus, the 
hydrogenation process could be enantioselective. However, addition of chiral product 
amine 2-7a or a variety of other chiral amines only gave racemic 2-7a as product. These 
results suggested that autocatalysis as a competing pathway is less plausible. Moreover, 
it also gave a hint that the enantioselective hydrogenation might be achieved by the 
modification of Lewis acid rather than Lewis base. 
As a result, a possible mechanism of the catalytic system is shown in scheme 2-15: the 
Lewis adduct of substrate imine / 2-1 would first be activated thermally to reach the 
reactive frustrated state. Subsequently, the thermally induced ‘frustrated Lewis pair’ 
cleaves H2 to generate an iminium hydridoborate ion pair in low concentration (see 
calculation from Pápai).[113] This step is then followed by hydride transfer from the BH 
unit to the iminium carbon and subsequent thermal dissociation of the boron / amine 
adduct liberating the catalyst, as well as the amine product. This sequence is in line with 
all experimental facts of the imine hydrogenation of using B(C6F5)3 (2-1) catalyst from 
the present study and the literature. 
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Scheme 2-15. Mechanism of B(C6F5)3 catalyzed hydrogenation of imines. 
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2.3.1.2 (C6F5)2BH catalyzed hydrogenation of imines 
In many cases, the Lewis acids used for ‘Frustrated Lewis pairs’ were B(C6F5)3 or 
related molecules. (C6F5)2BH and (C6F5)2BCl were chosen as starting materials for the 
introduction of the Lewis acidic group B(C6F5)2 to molecular frameworks and building 
new ‘Frustrated Lewis pairs’.[87, 90, 95] These new compounds could then act as catalysts 
for hydrogenations of imines or related compounds.[88, 95, 99] However, these simpler and 
sterically less hindered starting materials have not been used themselves as catalyst for 
hydrogenation. Very recently, Berke and co-workers utilized these reactive molecules in 
‘frustrated Lewis pairs’ together with different Lewis bases for cleavage of H2, 
however, most of the H2 splitting species were not stable.[98] 
(C6F5)2BCl (2-8) and (C6F5)2BH (2-9) were prepared according to the procedure 
developed by Piers and co-workers.[114] Scheme 2-16 outlines the related chemistry. 
 
 
 
Scheme 2-16. Synthesis of (C6F5)2BCl and (C6F5)2BH. 
 
Reaction of bis(perfluorophenyl)dimethylstannane (Me2Sn(C6F5)2) with BCl3 in hexane 
at 120 oC for 3 days in a Young-type Schlenk flask yielded 2-8 as a white solid. 
Conversion of this compound to 2-9 was accomplished through a chloride / hydride 
exchange using chlorodimethylsilane (Me2SiHCl). d1-2-9 was obtained by using 
tributyltin deuteride (Bu3SnD) as the hydride donor.[115] Heating 1:1 mixture of 
B(C6F5)3 (2-1) and triethylsilane (Et3SiH) in benzene at 60 oC for 3 days also led to 
formation of 2-9, however 5 % of impurity was always found in the product due to 
further C6F5 / H exchange.[114] 
Initial experiments showed that only borane 2-9 effected the catalytic hydrogenation of 
imine 2-6a. It should be noted that borane 2-9 is a highly active hydroboration reagent 
towards alkenes and alkynes.[114-115] However, NMR experiments of stoichiometric 
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mixtures of 2-9 and 2-6a in toluene indicated the formation of a Lewis adduct rather 
than hydroboration product (it should feature a doublet signal and a quartet single in 1H-
NMR due to the coupling between CH3 group and CH group, Figure 2-2) even at 80 oC 
for one hour. Thus, the imine / borane hydroboration reaction or hydroboration products 
as actual catalysts for hydrogenation of resting imine seems unlikely, and the 
mechanism of this reaction is supposed to be similar to 2-1. 
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Figure 2-2. 1H-NMR spectrum of the e reaction mixture of 2-9 with 2-6a. 
 
In the presence of 10 mol % of 2-9 in toluene at 60 oC under 20 bar of hydrogen gas, 17 
% of 2-6a was converted to the secondary amine 2-7a (Table 2-3, entry 1), and raising 
the temperature to 80 oC resulted in full conversion (entry 2). No side products could be 
detected by 1H-NMR. When the more sterically demanding imine 2-6h was applied in 
the hydrogenation, the reaction took place also stoichiometrically at room temperature 
(entry 3). Increasing the temperature to 40 oC, the substrate was fully converted to the 
corresponding amine 2-7h (entry 4) in a catalytic way. In case of an even more 
sterically hindered imine 2-6i catalytic turnover was detected already at room 
temperature (entry 5). Increasing temperature or pressure enhanced the amine yield 
significantly (entry 5-7). A comparable steric effect on the reaction rate was also 
observed in hydrogenation reaction of imines with ‘frustrated Lewis pairs’ by other 
groups. [81, 95, 98, 108]  
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Table 2-3. Hydrogenation of 2-6a, 2-6h and 2-6i with (C6F5)2 BH as catalyst.a 
 
 
Entry Substrate T / oC pH2 / bar t / h Conv./ % 
1 60 20 15 17 
2 
 
80 20 15 99 
3 rt. 60 24 10 
4 
N
2-6h  
40 20 15 99 
5 rt. 20 15 18 
6 rt. 60 24 71 
7 
 
40 20 15 99 
a 1.0 ml toluene, substrate =  0.1 mmol, borane 9 = 0.01 mmol, conversion was 
determined by 1H-NMR. 
 
Similar to the B(C6F5)3 (2-1) catalyzed hydrogenation system, the mechanism would 
first involve heterolytic H2 cleavage by the thermally activated imine / (C6F5)2BH (2-9) 
Lewis pair to generate an iminium dihydridoborate ion pair [imineH][H2B(C6F5)2], 
followed by hydride transfer from the boron centre to the iminium carbon to form the 
hydrogenated product amine. It is interesting to note that when deuterated 2-9 was 
applied as catalyst for hydrogenation of 2-6a, no deuterium containing product 2-7a was 
detected in the product even with stoichiometric amount of borane 2-9. This rules out a 
hydroboration mechanism, confirming the conclusion from NMR investigation. It also 
indicates that the free rearrangement of the iminium and hydridoborate is greatly 
inhibited (by H+···H- bonding, π-π stacking, C-H···π or C-H···F interactions [113]) and 
only the hydride, is able to attack the iminium carbon, yielding borane / amine adduct 
(Scheme 2-17). Thermal dissociation of the adduct allows the 2-9 re-enter the cycle.  
Ar1
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Scheme 2-17. d1-2-9 catalyzed Hydrogenation of 2-6a. 
 
This kind of restricted rearrangement is quite common in transition metal catalyzed 
hydrogenation wherein the substrate is coordinated to the metal centre in a bidentate 
chelating fashion.[68c] The bidentate chelating fashion has been proven to be crucial for 
enantioselective hydrogenation when a chiral catalyst is present. Many rhodium and 
ruthenium complexes, which are highly selective for functionalized alkenes, generally 
provide only low enantioselectivity for unfunctionalized alkenes due to lacking of 
additional metal binding site next to the C=C bonds.[68c, 116] As a basic requirement for 
asymmetric catalysis, the restricted rearrangement is also found in (C6F5)2BH (2-9) 
catalyzed hydrogenation of imines. So it is envisioned that a suitable chiral borane (or 
borane with a chiral backbone) could effect H2 cleavage (similar to 2-1 or 2-9) with 
imine substrate and the restricted transfer of hydride from chiral boron centre to the 
prochiral iminium carbon would result in a chiral amine with high enantioselectivity. 
This consideration led to design and synthesis of chiral boranes for enantioselective 
hydrogenation as described in the following sections. 
2.3.2 Hydrogenation with chiral boron-based Lewis acid as catalysts 
2.3.2.1 Introduction 
This section explores the synthesis of chiral boranes which contain the B(C6F5)2 moiety 
in their structure. These chiral Lewis acids are expected to have strong Lewis acidity 
and are therefore able to catalyze the hydrogenation of imines.  
The possible structural modifications of B(C6F5)3 have been exploited only for few 
years.[110] In particular, the group of Marks[117] and Piers[118] have developed elegant 
synthesis to elaborate the substituents on the boron atom, and others have developed 
straightforward routes toward perfluoroarylborane derivatives.[119] However, 
perfluoroarylborane derivatives with the Lewis acidic boron atom covalently bond to a 
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chiral backbones are rare. There are only three examples of chiral strong Lewis acids in 
the literatures (Figure 2-3), all of them are reported by Piers. Compound 2-10[118i] was 
prepared in five steps from enantiopure (R)-2,2’-dibromobinaphthyl in an overall yield 
of 60 %, and was an effective catalyst for the allylstannation of benzaldehydes, giving 
high yields of the allylic alcohol products with modest ee (up to 34 %). Compound 2-11 
and 2-12[114] were hydroboration products from the simple reactions of (C6F5)2BH with 
corresponding alkenes. No further application of these two compounds has been 
published so far.  
 
 
 
Figure 2-3. Chiral Lewis acids. 
 
As shown by Piers,[114] (C6F5)2BH is an extremely reactive hydroboration reagent. 
Regioselective addition to carbon-carbon double and triple bonds is rapid and 
quantitative in most instances, including substrates such as tetrasubstituted olefins for 
which other hydroboration reagents are ineffective. Therefore, the hydroboration 
methodology was employed to generate chiral borane containing B(C6F5)2 moiety by 
the reaction of (C6F5)BH with chiral alkenes. With these chiral boranes as the catalysts, 
enantioselective hydrogenation of prochiral imines was studied. 
2.3.2.2 Pinene derived chiral boranes and their application in enantioselective 
hydrogenation 
Chiral boranes 2-11 and 2-12 were readily prepared by mixing one equivalent of 
(C6F5)BH and corresponding enantiopure pinene in toluene (Scheme 2-18). The NMR 
(1H, 13C, 19F) characterization of the boranes are in accordance with data reported by 
Piers.[114] 
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Scheme 2-18. Synthesis of chiral boranes 2-11 and 2-12. 
 
The chiral boranes shown in scheme 2-18 are the unstable kinetic products arising from 
directing B-H addition to C=C. More thermodynamic stable product mixtures are 
formed via retrohydroboration / rehydroboration sequence which was proposed by 
Piers.[114] The chiral borane 2-11 existed as a mixture of isomers, in which the (C6F5)2B 
moiety also occurred on the 3 or 4-position of the pinene structure.  
Due to the fact indicated in section 2.2.1.2, that (C6F5)BH does not react with imine 2-6 
to form hydroboration products, the retrohydroboration / rehydroboration sequence 
between 2-11 or 2-12 and imine 2-6 is not supposed to take place. Thus, when 2-11 or 
2-12 is used for hydrogenation of imine 2-6, the hydroboration products of imine 2-6 
(left compound in figure 2-2) should not be the actual catalyst for the hydrogenation. 
Table 2-4 summarizes the results for the catalytic hydrogenation of imine 2-6 by 2-11 
and 2-12. Both of the chiral boranes 2-11 and 2-12 were found to be active catalysts for 
the hydrogenation of imines. In all cases, imines 2-6 were fully converted to the 
secondary amines 2-7 at the indicated conditions. More interesting, hydrogenation of 2-
6a with α-pinene derived borane 2-11 resulted in 13 % ee (Table 2-4, entry 1), while the 
reaction with 2-12 offered only very poor enantioselectivity (entry 2). Hydrogenation 
was also carried out at lower temperature (50 oC) and a small increase in 
enantioselectivity was observed over the 2-11 catalyzed hydrogenation of 2-6a (entry 
3).  
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Table 2-4. Hydrogenation of imines with 2-11 and 2-12.a 
 
 
 
Entry Substrate Cat. T / oC pH2 /bar ee % 
1 2-6a 11 65 20 13 (R) 
2 2-6a 12 65 20 2 (R) 
3b 2-6a 11 50 40 16 (R) 
4 2-6b 11 65 20 13 (-) 
5 2-6c 11 65 20 13 (-) 
6 2-6d 11 65 20 5 (-) 
7 2-6e 11 65 20 21 (R) 
8c 2-6e 11 65 30 23 (R) 
9 2-6f 11 65 20 22 (-) 
10 2-6g 11 65 20 17 (-) 
11 2-6j 11 65 20 22 (+) 
a 1 ml toluene, substrate =  0.1 mmol, catalyst = 10 mol %, full conversion 
(determined by 1H-NMR); b t = 24 hours, c catalyst = 5 mol %. 
 
Under standard conditions of 10 mol % of chiral borane 2-11, 20 bar hydrogen pressure 
and at 65 oC, the effect of substituents in the aryl moiety of imines 2-6a was 
investigated. An electron-withdrawing substituent in the para position of α-phenyl 
group of the substrate 2-6b and 2-6c gave identical enantiomeric excess (entry 4 and 5), 
while electron-donating group led to lower enantioselectivity (entry 6). In contrast, an 
increase of enantioselectivity up to 21 % ee was achieved with substrate 2-6e having an 
electron-donating group at the para-position of N-phenyl ring (entry 7). In addition, 
decreasing the catalyst loading of 2-11 to 5 mol % did not influence the 
enantioselectivity, while higher pressure was required to achieve full conversion (entry 
7 and 8).  
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Replacing the phenyl group at the α position of the imine 2-6a by 1-naphthyl or 2-
naphthyl (substrates 2-6g and 2-6f respectively) increased the enantioselectivity of the 
reaction, yielding the corresponding products with 17 % and 22 % ee (entry 9 and 10). 
Imine 2-6j, with a methoxy group in its structure, was reduced with identical 
enantioselectivity as 2-6f under the same conditions (entry 11). 
In summary, the chiral bis(perfluorophenyl)borane 2-11 was an effective catalyst for the 
hydrogenation of imines, however, with low enantioselectivities (< 23 % ee). The 
different enantioselectivities obtained from 2-11 and 2-12 suggested that further 
modification of the catalyst structure could impart better enantiofacial discrimination. 
2.3.2.3 α-pinene derived chiral alkenes and their hydroboration reaction with 
(C6F5)2BH 
Chiral borane 2-11 demonstrated catalytic activity in asymmetric hydrogenation of 
imines although the obtained enantioselectivity was rather low. Based on this finding, 
preparation of more effective chiral boranes, capable of enantioselective hydrogenation 
of imines, was envisioned. The initial target was to modify the structure of 2-11. In this 
respect, a number of chiral alkenes derived from α-pinene were synthesized and their 
hydroboration products were tested as catalysts for hydrogenation. 
As mentioned in section 2.2.2.1, the low conformational rigidity of the pinene structure 
was unable to prevent boryl migration. The chiral borane 2-11 existed as a mixture of 
isomers, in which the (C6F5)2B moiety also occurred on the 3 or 4-position of the pinene 
structure.[114] In order to simplify the catalyst composition, the introduction of different 
groups on the 4-position of the pinene ring was attempted. 
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Scheme 2-19. Synthesis of chiral alkenes and boranes. 
 
As illustrated in scheme 2-19, (S)-verbenone 2-13 was chosen as the starting material. 
Compound 2-14 was prepared in 84 % yield via the reaction of the α,β-unsaturated 
ketone 2-13 with aniline in the presence of 4Å molecular sieves. The unsaturated imine 
comprised a mixture of syn- and anti- isomers in a 1:2 ratio. Treatment of 2-14 with 1 
equivalent of (C6F5)2BH in toluene gave two diastereomers of 2-15 in a ratio of 1:1.7. 
In19F-NMR spectra, each of the diastereomer exhibited two sets of ortho-, meta-, para-
fluorine signals reflecting the diastereotopicity of the two perfluorophenyl ring and 
possible also a restricted rotation around the B-C bond.  
Different from borane 2-11, chiral borane 2-15 showed no activity for the 
hydrogenation of imine 2-6a at 65 oC or 80 oC under different H2 pressure. Increasing 
the temperature to 120 oC and at 40 bar of hydrogen, full conversion but racemic 
product was obtained. The reason for the poor performance of 2-15 in the reaction is 
probably due to the formation of very strong intramolecular B-N dative bonds, which 
prevents facile hydrogen activation.  
Considering that bulky amines are able to prevent the quenching reaction,[94-95, 120] the 
reaction of 2-13 with bulky amines such a tert-butylamine, 2,4,6-trimethylaniline was 
attempted, however, no reaction was observed even after 1 week at 110 oC. 
Then, treatment of 2-14 with NaBH4 in methanol reduced the imine double bond, 
producing diastereomerically pure β-amino alkene 2-16.[121] Reaction of 2-16 with 
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(C6F5)2BH in toluene only yielded Lewis acid-base adduct. In the following step, amine 
2-16 was methylated to 2-18 by conventional methods. Attempts to alkylate 2-16 with 
bulky groups such as tert-butyl were unsuccessful. However, hydroboration of 2-18 
with one equivalent of (C6F5)2BH in toluene yielded only one diastereomer of 2-19 
confirmed by 1H-NMR, and the stereochemistry was not assigned. 19F-NMR 
spectroscopy of 2-19 showed two sets of ortho-, meta-, para- fluorine signals at δ -
165.1 (m), -164.3 (m), -160.0 (p), -159.5 (p), -129.8 (o), -129.2 (o) indicating the 
diastereotopicity of the two perfluorophenyl ring. The 11B-NMR resonance was 
observed at -15.4 ppm, which was indicative of a four coordinate boron centre,[87a, 95, 
112b] and suggesting the formation of intramolecular B-N dative bonds.  
In the catalytic reactions, the hydrogenation of imine 2-6a with chiral borane 2-19 
showed to be unsuccessful although its activity was higher than 2-15 (full conversion 
was achieved with 2-19 at 85 oC and 15 bar of hydrogen pressure). Similar to 2-15, no 
detectable enantioselectivity was observed. 
The low activity of chiral 2-15 and 2-19 in asymmetric hydrogenation led in the 
following experiments to synthesize chiral boranes without polar functional groups.  
 
 
Scheme 2-20. Synthesis of chiral alkenes 2-22 and 2-25. 
 
As depicted in scheme 2-20, chiral alkene 2-22 and 2-25 derived from (S)-verbenone 
were prepared by a three-step procedure. Reaction of (S)-verbenone with lithium 
dimethylcuprate (LiCuMe2) gave ketone 2-20 as the product. The saturated compound 
2-23 was obtained by selective reduction of 2-19 with Pd / C. Ketone 2-20 or 2-23 was 
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then treated with PhLi to provide the corresponding tertiary alcohol. Dehydration of 2-
21 or 2-24 with POCl3 / pyridine yielded chiral alkenes 2-22 or 2-25, respectively. 2-22 
and 2-25 were isolated as colorless oil after column on silica gel. 
Probably due to steric hindrance, attempts to react 2-22 with (C6F5)2BH were not 
successful. The less sterically demanding alkene 2-25 was tested for hydroboration, but 
NMR spectroscopic data indicated that only 60 % of the alkene was converted to the 
corresponding borane. Attempts to isolate the chiral borane were unsuccessful. With 
this mixture of boranes as catalyst, as expected, only very low enantioselectivity was 
observed (7 % ee, reaction condition: 65 oC, 30 bar of H2, and 15 hours). 
In summary, attempts to prepare α-pinene derived chiral boranes for metal-free 
hydrogenation of imines resulted in no or only low enantioselectivity. The present study 
demonstrates that α-pinene might not be the compatible backbone structure for synthesis 
of chiral boranes. In the following section another chiral backbone was investigated. 
2.3.2.4 Camphor derived chiral boranes and enantioselective hydrogenation 
After unsuccessful attempts to develop an effective α-pinene derived chiral borane for 
enantioselective hydrogenation of imines, a less sterically demanding building block, 
camphor 2-27, was chosen as starting material for construction of chiral alkenes. 
 
 
 
Scheme 2-21. Synthesis of chiral boranes 2-30. 
 
As illustrated in scheme 2-21, synthesis of chiral alkenes 2-30 started with 
commercially available (1R)-(+)-camphor, which was readily converted to the tertiary 
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alcohol by treatment with excess of a Grignard reagent. Without further purification, the 
crude product 2-28 was dehydrated with POCl3 or SOCl2 / pyridine to produce the 
corresponding alkenes. In this study, aryl Grignard reagents with R groups as defined in 
2-30a—c were chosen to generate tertiary alcohol, in order to avoid the undesirable 
dehydration or rearrangement reaction in the following step.  
In the synthesis of 2-29a, the dehydration step provided a mixture of 2-phenyl-born-2-
ene (2-29a, Scheme 2-21) and 1-phenylcamphene,[122] as evidence by NMR analysis, in 
a 3:2 ratio. The two alkenes have very similar boiling points and TLC Rf values, so that 
simple distillation or column chromatography were undesirable as separation methods. 
Distillation through a spinning band column facilitated the separation, but a large 
quantity of feedstock was required.[122] Taking advantage of the fact that terminal 
double bonds, as in the impurity, are known to react more rapidly with bulky 
dialkylboranes than a phenyl trisubstituted double bond, as in 2-29a,[123] the two 
compounds were separated by treatment of the mixture with 9-BBN (9-
Borabicyclo[3.3.1] nonane) in THF followed by Kugelrohr distillation. 2-29b and 2-29c 
were isolated in high purity by simple column chromatography.  
Hydroboration of 2-29 with 1 equivalent of (C6F5)2BH in toluene, gave 2-30 as a 
mixture of two diastereomers (2-30a 1:4, 2-30b 1:4, and 2-30c 1:3). In contrast to 
compounds 2-11 and 2-12, chiral boranes 2-30 are very stable and do not undergo boryl 
migration. Their stability could be attributed to favorable interaction between the aryl 
ring and a C6F5 group through π-stacking interaction.[124]  
The chiral boranes 2-30 were characterized by mass spectroscopy and by NMR 
spectroscopy. The 19F-NMR spectrum of compounds 2-30 featured two sets of NMR 
signals of C6F5 moiety which was attributed to the two diastereomers of the boranes. 
Interesting, the C6F5 moiety of borane 2-30a, 2-30b and 2-30c showed nearly identical 
chemical shifts, indicating the structural similarity of these three compounds (Figure 2-
4).  
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Figure 2-4. 19F-NMR spectra of chiral boranes 2-30a—c. 
 
In addition, the borane 2-30a, 2-30b and 2-30c exhibited broad single 11B resonances at 
81.8, 78.0 and 77.7 ppm, respectively, indicative of three-coordinate boron.[112b] 
The high solubility of the chiral borane in common organic solvents and their high 
molecular mass prevented the isolation of diastereomers by either crystallization or 
sublimation. 
Hydrogenation of 2-6 with chiral boranes 2-30a—c in form of their mixtures was 
carried out at 65 oC, 25 bar of hydrogen (Table 2-5). In case of 2-6a as the substrate, all 
of the three boranes were effective catalysts leading to full conversion, whereas the 
enantioselectivities varied. The reaction with chiral borane 2-30a (20 % ee, entry 1) 
gave a higher enantioselectivity than 2-30b (15 % ee, entry 2). Unexpectedly, the 
application of analogous borane 2-30c resulted in an unselective hydrogenation, 
yielding only racemic product 2-7a (entry 3). 
To assess the substrate scope, a variety of imine substrates 2-6a—g, 2-6j and 2-6k were 
examined using 2-30a as catalyst. As shown in table 2-5, both reactivity and 
enantioselectivity strongly depended on the substitution pattern of the substrate. As the 
Ar1 group was changed from phenyl (2-6a) to 2-naphthyl (2-6f), the enantioselectivity 
of the product increased to 32 % ee (entry 4). In contrast, with Ar1 group 1-naphthyl (2-
6g), the hydrogenation reaction was rather slow and lower enantioselectivity was 
obtained (32 % conversion, 14 % ee, entry 5). Imine 2-6j, in which a methoxy group 
was introduced to the para position of the N-phenyl of the imine 2-6f, was 
hydrogenated with a higher enantioselectivity of 49 % ee (entry 6).  
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Subsequently, the substituent effects of acetophenone moiety in imine 2-6a was then 
investigated. Significant decrease in activity with increased enantioselectivity was 
observed for the imines with electron-withdrawing groups in the para position of the 
acetophenone moiety (entry 1, 7, 8). The imine 2-6c led to an enantioselectivity of 52 % 
ee and a conversion of 56 % within 40 hours of reaction time. Whereas the imine 2-6d 
with electron-donating group MeO in para position of the acetophenone moiety resulted 
in a lower enantioselectivity with higher conversion (entry 9).  
 
Table 2-5. Hydrogenation of 2-6 by chiral borane 2-30a. 
 
 
 
Entry Substrate Cat. t / h Conv./ % ee % 
1 2-6a 30a 16 >99 20 (R) 
2 2-6a 30b 16 >99 15 (R) 
3 2-6a 30c 16 >99 0 
4 2-6f 30a 16 >99 32 (-) 
5 2-6g 30a 40 32 14 (-) 
6 2-6j 30a 16 >99 49 (+) 
7 2-6b 30a 40 77 30 (-) 
8 2-6c 30a 40 56 52 (-) 
9 2-6d 30a 16 >99 19 (-) 
10 2-6k 30a 40 >99 12 (-) 
11 2-6e 30a 16 >99 43 (R) 
12 2-6e 30b 16 >99 40 (R) 
a Catalyst (10 µmol), Imine (0.1 mmol), H2 (25 bar), T = 65 °C. The crude 
products were analyzed by 1H-NMR spectroscopy. Enantiomeric excess 
determined by chiral HPLC or GC; absolute configurations assigned by 
comparison of retention times with literature values. 
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The presence of a methyl substituent at the ortho position of the N-phenyl (2-6k) 
resulted in a reduced enantioselectivity in comparison to imine 2-6a (entry 10). The 
reduction of enantioselectivity in this case may be attributed to the steric hindrance of 
the ortho substituent in the substrate. In addition, with even more sterically demanding 
imine 2-6h (N-(1-phenylethylidene)-2,4,6-trimethylaniline), catalyst 2-30a exhibited no 
activity for the hydrogenation (65 oC, 25 bar of hydrogen gas, 16 hours). Similar 
observation was noted by Stephan in the study of B(C6F5)3 catalyzed hydrogenation of 
imines, wherein B(C6F5)3 was unable to hydrogenate the very bulky imine 2,6-
(Me2CH)2C6H3N=CMe(t-Bu).[108] For the imine with the MeO group in the para 
position of the N-phenyl, the hydrogenation of 2-6e with 2-30a as catalyst gave a higher 
enantioselectivity of 43 % ee (entry 11). Chiral borane 2-30b led to 40 % ee for the 
same reaction (entry 12). 
In this section, the synthesis of mixture of chiral boranes derived from camphor was 
described and their catalytic potential in enantioselective hydrogenation of imines with 
enantiomeric excess up to 52 % ee could be demonstrated. Pure diastereomers were 
achieved via ‘frustrated Lewis pairs’ as described in the next chapter. 
2.3.3 Enantioselective hydrogenation with chiral ‘frustrated Lewis 
pairs’ 
As the separation of the two diastereomers of 2-30a (2-30a-a, 2-30a-b) was not 
accomplishable at this point, a separation of the diastereomeric salts formed from the 
FLPs at the stage after the hydrogen splitting was investigated. Treatment of a pentane 
solution of the borane mixture 2-30a with hydrogen at 25 oC in the presence of tri-tert-
butylphosphine (t-Bu3P, 2-31) resulted in the precipitation of a colorless solid in 53 % 
yield (Scheme 2-22). Multinuclear NMR spectroscopy corroborated the product as a 
mixture of the activated FLP salts 2-32 and 2-33 after the hydrogen splitting. Further 
recrystallization in dichloromethane and pentane produced single crystals incorporating 
2-32 and 2-33 in a 1:1 mixture which was clearly confirmed by X-ray analysis, and 
precluded a separation at this stage. 
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Scheme 2-22. Reaction of frustrated Lewis pairs with hydrogen. 
 
However, more detailed investigation revealed that the FLP 2-30a-a / 2-31 led to faster 
hydrogen splitting reaction than the corresponding FLP 2-30a-b / 2-31. This 
observation enabled in the next experiments to isolate the diastereomeric pure 
compounds 2-32 and 2-33 through kinetically controlled product formation. The 
diastereomeric pure compound 2-32 was obtained by reducing the reaction time to 90 
min. Crystals suitable for X-ray diffraction were grown from a layered dichloromethane 
/ pentane solution at - 28 oC. The corresponding supernatant was treated with H2 for 48 
hours to yield diastereomeric pure 2-33. Crystals suitable for X-ray diffraction were 
grown from a layered dichloromethane / pentane solution at - 28 oC. 
In the 31P-NMR spectrum of compound 2-33 a doublet at 59.8 ppm with a JP-H coupling 
of 431 Hz was detected, which is consistent with the presence of the tri-tert-
butylphosphonium [t-Bu3PH]+ cation. In the 1H-NMR a broad multiplet at 2.87 ppm and 
a doublet in the 11B-NMR at -18.8 ppm (JB-H = 88 Hz) supported the existence of 
hydridoborate anion. Interestingly, the 19F-NMR spectrum revealed two sets of typical 
C6F5 signals [-132.3(o-), -132.6(o-), -166.4(p-), -167.5(p-), -167.9(m-), -168.5(m-C6F5) 
ppm], which can be attributed to the presence of two diastereotopic C6F5-ring 
environments. Comparable spectral data were observed for compound 2-32. 
Single crystals of the salt 2-33 are suitable for X-ray structure determination, and one of 
two molecules in the asymmetric unit is shown in figure 2-5. The absolute configuration 
of the anion in the salt 2-33 was determined as bis(perfluorophenyl)((1R,2R,3R,4S)-
4,7,7-trimethyl-3-phenyl-bicyclo[2.2.1]heptan-2-yl)hydroborate. Interestingly, the 
phenyl ring in the chiral backbone is oriented parallel to one of the C6F5-rings at a 
distance of around 350 pm, thus providing the basis for a controlled conformation which 
should be important for subsequent effective catalytic applications.[124b, 125]  
 
 78
 
 
Figure 2-5. Molecular structure of 2-33 in the crystal (hydrogen atoms and solvent 
molecules were omitted for clarity - except for the hydrogen atoms bonded to boron and 
phosphorus - ellipsoids set at 50 % probability). 
 
Accordingly, the absolute configuration of the anion in 2-32 could be assigned by single 
crystal X-ray analysis as (1R, 2S, 3S, 4S, Figure 2-6). Again, a parallel orientation of the 
phenyl group and the C6F5-ring is observable, albeit changing the orientation of the BH 
bond and indicating the possibility of an altered chiral induction of the two isomers in 
an asymmetric hydrogenation reaction. In the solid state of 2-32 and 2-33, multiple C-
H···F hydrogen bonding interactions were observed to connect phosphonium and 
hydridoborates instead of PH···BH dihydrogen bonding.[89] 
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Figure 2-6. Molecular structure of 2-32 in the crystal (hydrogen atoms and solvent 
molecules were omitted for clarity - except for the hydrogen atoms bonded to boron and 
phosphorus - ellipsoids set at 50 % probability). 
 
With the salt 2-32 and 2-33 in hands, the envisioned catalytic hydrogenation of 
prochiral imines was closer investigated (Table 2-6). Reaction conditions of 65 oC, 25 
bar hydrogen pressure and 5 mol % catalyst, consisting of a 1:1 diastereomeric mixture 
of 2-32 and 2-33, resulted in full transformation of the imine N-(1-
phenylethylidene)aniline 2-6a to the secondary amine 2-7a with an enantioselectivity of 
20 % ee of the (S) enantiomer (entry 1). Applying the diastereomeric pure salts 2-32 or 
2-33 as catalyst for the hydrogenation of 2-6a gave more encouraging results. In case of 
a hydrogenation with 2-32, full conversion and 48 % ee of the (S)-product were 
obtained (entry 2). Salt 2-33 led to the opposite enantiomer with even higher 
enantioselectivity of 79 % ee (entry 3).  
In addition to this, a comparison of the measured enantioselectivities obtained with pure 
2-32, a 1:1 mixture of 2-32 and 2-33, and pure 2-33 [2-32: 48 (S) % ee; 2-32 / 2-33: 20 
(S) % ee; 2-32: 79 (R) %] supported the assumption that catalyst 2-32 was more active 
in the catalytic hydrogenation than 2-33. Correlating this observation to the fact that 
hydrogen splitting was also faster with the Lewis pair 2-30a-a / 2-31 (precursor of 2-
32), gives significant information with respect to the rate determining step in reactions 
with the two diastereomers. 
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Table 2-6. Hydrogenation catalyzed by chiral FLP-salts.a 
 
Entry Substrate Catalyst Yield % c ee % d 
1 2-6a 2-32:2-33=1:1 >99 20 (S) 
2 2-6a 2-32 >99 48 (S) 
3 2-6a 2-33 95 79 (R) 
4 b 2-6k 2-33 37 74 (-) 
5 b  2-6i 2-33 0 - 
6 2-6d 2-33 96 81 (-) 
7 2-6e 2-33 >99 81 (R) 
8 2-6f 2-33 93 80 (-) 
9 2-6j 2-33 96 83 (+) 
a Reaction conditions: Catalyst (10 µmol), imine (0.2 mmol), H2 (25 bar), T = 65 °C, 
15 h; b Reaction time: 20 h; c Yield was determined by 1H-NMR analysis; d 
Determined by chiral HPLC or GC; absolute configurations assigned by comparison 
of retention times and optical rotations with literature values. 
 
To assess the substrate scope, a variety of substituted imine derivatives were 
hydrogenated using diastereomeric pure 2-33 as catalyst. On increasing the steric 
hindrance of the substrate, the yield of the corresponding amine decreased significantly 
(entry 4-5). For the imine 2-methyl-N-(1-phenylethylidene)aniline 2-6k, a slightly lower 
enantioselectivity of 74 % ee was obtained at a conversion of only 37 % (entry 4). On 
applying the imine 2,6-diisopropyl-N-(1-phenylethylidene) aniline 2-6i, no catalyst 
activity could be observed (entry 5). Notably, introducing a methoxy donor group to 
either of the phenyl rings in the imine gave enhanced conversion and selectivity. With 
N-(1-(4-methoxyphenyl)ethylidene)aniline 2-6d and 4-methoxy-N-(1-phenylethylidene) 
aniline 2-6e in each case an enantioselectivity of 81 % ee could be obtained (entry 6 and 
7). The hydrogenation of the 2-naphthyl imine derivative N-(1-(naphthalen-2-
yl)ethylidene)aniline 2-6f with catalyst 2-33 produced 2-7f in 93 % yield with an 
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enantiomeric excess of 80 % ee (entry 8). Moreover, the presence of a methoxy group in 
the imine 4-methoxy-N-(1-(naphthalen-2-yl)ethylidene)aniline 2-6j favored the catalytic 
hydrogenation with a higher conversion of 96 % and a noticeable enantioselectivity of 
83 % ee (entry 9). 
In this section, stable chiral boranes for application in ‘frustrated Lewis pairs’ have been 
synthesized and applied in the hydrogen activation together with t-Bu3P under mild 
reaction conditions. Moreover, enantioselectivities up to 83 % ee were obtained for the 
first time using the FLP concept with these chiral catalytic systems. 
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2.4 Conclusions and Outlook 
In the second part of this thesis, the development of new metal-free catalytic systems for 
the hydrogenation of imines was described (Scheme 2-23). 
 
 
 
Scheme 2-23. Hydrogenation of imines with strong Lewis acids. 
 
Although the strong Lewis acid B(C6F5)3 forms Lewis adducts with imines, it represents 
an active catalyst for hydrogenation of various imines 2-6. In this reaction, kinetic 
experiments gave no evidence for an autocatalytic mechanism. In addition, adding 
various chiral amines to the catalytic system only provided racemic products. Thus, the 
following thermally induced imine / borane activation H2 mechanism was proposed: at 
elevated temperature, the Lewis pair of imine / B(C6F5)3 is first activated to reach the 
frustrated state. After the heterolytic cleavage of H2, the resulting iminium cations are 
subsequently attacked by hydridoborate affording the amine. 
In a related study, (C6F5)2BH is found to be an active catalyst for hydrogenation of 
imines. The steric hindrance of imine favors the catalytic hydrogenation. An effective 
hydrogenation reaction was even observed at room temperature for very sterically 
demanding imines. Preliminary mechanistic information was obtained through 
hydrogenation of imine with isotope labeled borane (C6F5)2BD. 1H-NMR analysis of the 
product showed exclusive formation of non-deuterated-amine, suggesting a restricted 
arrangement of the ions during the hydride attack at the iminium carbon. It is important 
to note that similar restricted arrangement has been proven to be crucial for highly 
enantioselective hydrogenation in transition metal catalyzed hydrogenation. 
The results from these mechanistic investigations provided useful information to realize 
enantioselective catalytic hydrogenation. With chiral borane 2-11 as the catalyst, the 
hydrogenation of imines yielded the corresponding reaction products in 
enantioselectivities up to 23 % ee (Scheme 2-24). 
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Scheme 2-24. Enantioselective hydrogenation by chiral borane 2-11. 
 
In addition, five alkenes based on the pinene structure were synthesized starting from 
(S)-verbenone. Chiral alkenes 2-14 and 2-18 were able to react with (C6F5)2BH to yield 
stable boranes (Scheme 2-25). However, these amino boranes exhibited low activity and 
resulted in no enantioselectivity in the hydrogenation of imines. 
 
O
N NH N
Me
2-14 2-16 2-18 2-22 2-25  
 
Scheme 2-25. Synthesis of chiral alkenes. 
 
Furthermore, chiral boranes 2-30 were synthesized in a three-step sequence starting 
from (1R)-(+)-camphor as stable compounds which comprise two diastereomers. With 
these diastereomeric boranes as catalysts, the hydrogenation of various imines gave 
enantioselectivities up to 52 % ee (Scheme 2-26). 
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Scheme 2-26. Enantioselective hydrogenation by chiral borane 2-30. 
 
Finally, stable chiral boranes 2-30 have been applied in the hydrogen activation together 
with t-Bu3P under mild reaction conditions. Diastereomeric pure salts 2-32 and 2-33 
could isolated through kinetically controlled product formation. Their structures were 
fully elucidated by NMR and X-ray analysis. With these chiral catalysts, very 
significant enantioselectivities up to 83 % ee were obtained for the first time using the 
FLP concept with these chiral catalytic systems. 
In future experiments, the mechanistic investigations could be intensified for B(C6F5)3 
catalyzed hydrogenation of imines. A detailed study towards rate equation for this 
reaction would provide valuable information to elucidate the nature of this novel 
hydrogenation process. Theoretical studies would give additional insight into the 
mechanism of the reactions and may assist the development of new metal-free catalytic 
systems. In addition, the extension the substrate scope to alkenes, ketones could be 
taken into consideration. 
Regarding the newly synthesized intermediates and chiral Lewis acids in this work, 
there are two possible applications: 
1. The intermediates that were prepared for generation of chiral boranes may serve as 
chiral backbones for the formation of phosphines in homogeneous transition metal 
catalysis. 
2. The stable chiral boranes might be used chiral organocatalysts for the reactions that 
have been so far achieved by B(C6F5)3 such as Aldol reaction,[126] Michael reaction,[126a] 
hydrosilylation of carbonyl groups,[112a] imines,[112b] allylstannation of aromatic 
aldehydes,[127] allylation of secondary benzyl acetates,[128] or Ferrier azaglycosylation 
with sulfonamides and carbamates.[129] 
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Concerning the enantioselective hydrogenation, a more extensive screening of 
substrates (such as enamines,[88] silyl enol ethers[89]) might provide corresponding 
products with high enantioselectivity. In respect to mechanistic investigation, single 
crystal analysis and multinuclear NMR analysis of borane / substrate adduct are 
probably useful to elucidate the mechanism of chirality transfer and to design more 
efficient boranes catalyst for asymmetric hydrogenation.  
In summary, a novel perfluorophenyl borane catalyzed hydrogenation system has been 
developed. With chiral borane as the catalysts, the hydrogenation of imines provides 
high enantioselectivity. Based on the results of the present study, future work on 
asymmetric metal-free hydrogenation seems very promising. 
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2.5 Experimental 
2.5.1 General 
All reactions involving air or moisture-sensitive compounds were carried out under 
argon using standard Schlenk techniques or a glove box. Solvents for extraction and 
chromatography were technical grade and distilled prior to use. Solvents used in 
reaction were dried and distilled prior to use. Unless otherwise noted, all materials were 
obtained from commercial suppliers and were used without further purification.  
NMR experiments were performed on a Bruker DPX-300, AV-400 or AV-600 
spectrometer. The operating frequencies of these spectrometers for NMR measurements 
are listed in table 2-7. 1H, 13C-NMR spectra are referenced to SiMe4 or the residual 
solvent peak. 31P, 11B, 19F-NMR spectra were referenced externally to 85 % H3PO4 at 0 
ppm, BF3·Et2O at 0 ppm and CF3CO2H at -78.5 ppm relative to CFCl3 at 0 ppm, 
respectively. Chemical shifts are given in ppm and spin-spin coupling constants, J, are 
given in Hz. For the description of multiplicity of the signal following abbreviations are 
used: s = singlet, d= doublet, t = triplet, q = quadruplet, m = multiplet, br = broad.  
Mass spectra were recorded on a Finnigan MAT 95 mass spectrometer. Electron impact 
ionization was used unless otherwise noted. The data are listed in the following format: 
mass (m/e), (intensity). For high resolution MS, the mass of the molecule ion is given. 
Compounds 2-32 and 2-33 have been studied by single crystal X-ray diffraction. For 
intensity data collection the crystals were mounted on glass fibers and placed directly in 
a cold stream of dinitrogen (T = 130 K). Intensity data were collected with a Bruker 
Smart APEX CCD (Mo-K radiation, = 0.71073 Å, graphite monochromator) area 
detector on a D8 goniometer in the ω scan mode. A temperature of 130(2) K was 
maintained for all data collections with the help of an Oxford Cryosystems Cryostream 
800 cooler. Multi-scan absorption corrections were performed by SADABS.[130] The 
structures were solved by direct methods (SHELXS97) and refined by full matrix least-
squares on F2 (SHELXL97).[131] Non-hydrogen atoms were assigned anisotropic 
displacement parameters (except the disordered parts), and H atoms were introduced in 
their idealized positions and refined using a riding model. The absolute configurations 
were confirmed by evaluation of the Flack parameter.[132]  
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The enantiomeric excesses were determined by HPLC using a chiral stationary phase 
column (Column, Chiralcel OD-H, AD-H and OJ-H) or by GC (Chirasil-Dex CB), 
detailed conditions were given in the catalysis part. 
 
Table 2-7. Operating frequencies of NMR spectrometers. 
 
Entry Spectrometer Operating frequency / MHz 
  1H 13C 31P 19F 11B 
1 DPX 300 300.1 75.5 121.5 282.4 96.3 
2 AV 400 400.1 100.6 162.0 376.5 128.4 
3 AV 600 600.1 150.9 242.9 564.7 192.5 
 
2.5.2 Synthesis 
2.5.2.1 Synthesis of tris(perfluorophenyl)borane (2-1)[109]  
 
C18BF15, 511.98 g / mol 
 
C6F5Br (12.4 g, 50.0 mmol) was dissolved in pentane (250 ml) and cooled to -78 °C in a 
dry ice bath. BuLi (31.2 ml of 1.6 M hexane solution, 50.0 mmol) was slowly added via 
syringe over 15 min while a purple colored solution was formed (It is very important to 
keep the reaction mixture below -50 °C as the product C6F5Li is explosive at higher 
temperature). The mixture was stirred at -78 °C for 1 hour, and boron trichloride (16.7 
ml of 1 M hexane solution, 16.7 mmol) was quickly added. The mixture was stirred at -
78 °C for additional 3 hours and then slowly warmed to room temperature. The mixture 
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was filtered and the filtrate was concentrated (without any heat source) under reduced 
pressure until white solid precipitated. The suspension was cold filtered and the 
precipitate was collected. The resulting filtrate was concentrated again and filtered for 
another two times to give a white solid (4.2 g, 49 %). 
 
19F-NMR (376 MHz, C6D6): δ = -160.0 (m, 4F, meta-C6F5), -141.7 (m, 2F, para-C6F5), 
-128.8 (m, 4F, ortho-C6F5).  
2.5.2.2 Synthesis of bis(perfluorophenyl)dimethylstannane[114] 
 
C14H6F10Sn, 482.89 g / mol 
 
C6F5Br (19.8 g, 80.0 mmol) was dissolved in ether (40 ml) and the solution was cooled 
to -78 °C in a dry ice bath. BuLi (50 ml of 1.6 M hexane solution, 80.0 mmol) was 
slowly added via syringe over 20 min while a purple colored solution was formed (It is 
very important to keep the reaction mixture below -50 °C as the product C6F5L is 
explosive at higher temperature). After completion of addition the reaction was stirred 
at -78 °C for 1 hour. Me2SnCl2 (8.8 g, 40.0 mmol) was added to the solution as a solid. 
The reaction mixture was stirred for 20 min. at -78 °C, then allowed to slowly warm to 
room temperature and stirred overnight. A small volume of undried pentane or hexane 
(10 ml) was added to the suspension to quench unreacted C6F5Li that may have 
remained. The volatiles were removed in vacuo, and the residue was dissolved in 
pentane (60 ml). The mixture was filtered through a frit and the solid LiCl was washed 
with pentane (3 × 20 ml). The solvent was removed in vacuo, the residue was distilled 
with a Kugelrohr (3-5 × 10-2 mbar, 120 °C) to give a colorless liquid (18.0 g, 93 % 
yield). 
 
1H-NMR (300 MHz, C6D6): δ = 0.55 (s, 6H); 
 
19F NMR (282 MHz, C6D6): δ = -159.4 (m, 4F, meta-C6F5), -150.3 (t, 2F, JF-F = 19.6Hz, 
para-C6F5), -122.0 (dm, 4F, ortho-C6F5). 
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2.5.2.3 Bis(perfluorophenyl)chloroborane (2-8)[114] 
 
C12BClF10, 380.38 g / mol 
 
A solution of Me2Sn(C6F5)2 (9.66 g, 20.0 mmol) in hexane (30 ml) was placed in a 100 
ml Young-type Schlenk bulb and cooled to - 20 °C. Boron trichloride (20.0 ml of 1.0 M 
hexane solution, 20.0 mmol) was slowly added. After that, the bulb was closed and 
placed in an oil bath with a set temperature of 120 °C for 3 days. The bulb was allowed 
to cool to room temperature, during which time crystals of Me2SnCl2 formed. The 
supernatant liquid was removed from the crystals into a Schlenk flask. The crystals in 
the bulb were washed with dry hexane (10 ml) and the solution was removed. The 
combined liquids were cooled to -78 °C without stirring and a white precipitate formed. 
The liquid was removed carefully by a syringe. After that, the solids were dissolved in 
hexane, and cooled to -78 °C. The liquid was removed again, and this procedure was 
repeated three times. The solvent residue was removed under reduced pressure and the 
solid was transferred to a sublimation apparatus. The residual Me2SnCl2 was removed 
by sublimation under an atmosphere of argon at 35 °C. The crystals of Me2SnCl2 were 
removed from the cold finger and the procedure was repeated until no further Me2SnCl2 
was obtained. Sublimation of the remaining powder under vacuum at 65 °C for 20 min 
produced a colorless crystalline solid (3.80 g, 50 % yield). 
 
19F-NMR (282 MHz, C6D6): δ = -160.3 (m, 4F, meta-C6F5), -143.7 (m, 2F, para-C6F5), 
-129.3 (dm, 4F, ortho-C6F5). 
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2.5.2.4 Bis(perfluorophenyl)borane (2-9)[114] 
 
C12HBF10, 345.93 g / mol 
Bis(perfluorophenyl)chloroborane (1.00 g, 2.63 mmol) was placed in a Young-type 
Schlenk tube and cooled to -10 °C. (CH3)2SiHCl (7.0 ml) was added to the solid. The 
solution was stirred for 20 min at room temperature, during which time a white 
precipitate formed. The solvent was removed and toluene (5 ml) was added. The 
Schlenk tube was then closed and heated until all of the solids disappeared. The solution 
was cooled to room temperature and crystallization of (C6F5)2BH occurred. The toluene 
was carefully removed, and the remaining crystals were washed twice with hexane. 
(C6F5)2BH was isolated as a colorless crystalline solid (0.80 g, 88 %).  
 
1H-NMR (300 MHz, C6D6): δ = 4.24 (brs); 
 
19F-NMR (282 MHz, C6D6): major: δ = -158.7 (m, 4F, meta-C6F5), -146.0 (t, 2F, JF-F = 
21.2 Hz, para-C6F5), -132.8 (dm, 4F, ortho-C6F5); minor: δ = -159.7 (m, 4F, meta-
C6F5), -141.4 (t, 2F, JF-F = 21.2 Hz,  para-C6F5), -128.5 (dm, 4F, ortho-C6F5). 
 
General procedure for synthesis of chiral boranes[114] 
 
A suspension of (C6F5)2BH (34.6 mg, 0.10 mmol) in toluene (1.0 ml) was prepared in a 
Schlenk tube, the chiral pinene (13.6 mg, 0.10 mmol) was added to the suspension and 
stirred for 30 min. After the solids had completely dissolved, the solution was diluted to 
10.0 ml and stored to be used directly as catalyst solution. 
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2.5.2.5 Bis(perfluorophenyl)-3-pinaylborane (2-11)[114] 
 
C22H17BF10, 482.17 g / mol 
 
1H-NMR (600 MHz, C6D6): δ = 0.66 (d, J = 10.0 Hz, 1H), 0.95 (d, J = 6.9 Hz, 3H), 1.09 
(s, 3H), 1.15 (s, 3H), 1.72 (m, 1H), 1.79 (m, 1H), 1.90 (m, 1H), 1.96 (m, 1H), 2.15 (m, 
1H), 2.24 (m, 1H); 
 
13C-NMR (150 MHz, C6D6): δ = 22.6, 23.4, 25.9, 28.4, 33.6, 38.2, 38.4, 39.2, 41.1, 
47.8, quaternary carbon of C6F5 ring was not observed; 
 
19F-NMR (564 MHz, toluene-D8): δ = -160.6 (m, 4F, meta-C6F5), -148.9 (t, 2F, JF-F = 
20.1 Hz, para-C6F5), -130.8 (m, 4F, ortho-C6F5). 
2.5.2.6 Bis(perfluorophenyl)-3-myrtanylborane (2-12)[114] 
 
2-12
B(C6F5)2
 
C22H17BF10, 482.17 g / mol 
 
1H-NMR (600 MHz, C6D6): δ = 0.67 (s, 3H), 1.12 (s, 3H), 1.35 (m, 1H), 1.47 (d, J = 
10.5 Hz, 1H), 1.54-1.68 (m, 4H), 1.79 (m, 1H), 2.00 (m, 2H), 2.19 (m, 1H), 2.47 (m, 
1H); 
 
13C-NMR (150 MHz, C6D6): δ = 19.8, 23.2, 24.8, 25.0, 26.7, 34.5, 39.9, 40.4, 40.6, 
49.8, quaternary carbon of C6F5 ring was not observed; 
 
19F-NMR (564 MHz, toluene-D8): δ = -160.9 (m, 4F, meta-C6F5), -147.3 (t, 2F, JF-F = 
20.1 Hz, para-C6F5), -130.5 (m, 4F, ortho-C6F5). 
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2.5.2.7 N-((1S, 5S)-4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-ylidene)aniline (2-
14)[121] 
 
C16H19N, 225.33 g /mol 
 
Molecular sieves (4 Å, 20 ml) was added to a solution of (S)-verbenone (3.00 g, 20.0 
mmol) and aniline (2.79 g, 30.0 mmol) in dry toluene (40 ml). After heating to 110 oC 
overnight, the reaction mixture was filtered. Solvent was evaporated and the crude 
product was purified by Kugelrohr distillation (3-5 × 10-2 mbar, 90 °C, reactants; 3-5 × 
10-2 mbar, 140 °C product) to yield a yellow oil as a 2:1 mixture of isomers (3.80 g, 84 
%). 
 
1H-NMR (400 MHz, CDCl3): major isomer: δ = 1.02 (s, 3H), 1.47 (s, 3H), 1.94 (d, J = 
1.5 Hz, 3H), 1.88 (d, J = 9.1 Hz, 1H), 2.31 (m, 1H), 2.74 (m, 1H), 2.86 (m, 1H), 5.71 (q, 
J = 1.5 Hz, 1H), 6.81 (m, 2H), 7.20-7.32 (m, 3H); minor isomer: δ = 1.01 (s, 3H), 1.32 
(s, 3H), 1.80 (d, J = 9.1 Hz, 1H), 1.94 (d, J = 1.5 Hz, 3H), 2.28 (m, 1H), 2.54 (m, 1H), 
2.89 (m, 1H), 5.98 (q, J = 1.5 Hz, 1H), 6.68 (m, 2H), 6.95-7.06 (m, 3H); 
 
13C-NMR (100 MHz, CDCl3): major isomer: δ = 21.7, 23.5, 26.1, 38.3, 46.7, 49.2, 54.4, 
113.5, 120.9, 123.0, 128.7, 151.2, 162.3, 171.5; minor isomer: δ = 22.5, 23.3, 26.4, 
38.2, 49.0, 49.4, 49.6, 120.2, 122.2, 122.8, 128.7, 151.1, 160.0, 172.2. 
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2.5.2.8 (1S,5S)-2-(Bis(pentaflurorophenyl)boryl)-4,6,6-trimethyl-N-phenylbicyclo 
[3.1.1] hept-2-en-2-amine (2-15) 
 
C28H20BF10N, 571.26 g / mol 
 
A suspension of (C6F5)2BH (34.6 mg, 0.10 mmol) in toluene (1.0 ml) was prepared in a 
Schlenk tube, 2-14 (22.5 mg, 0.10 mmol) was added to the suspension and stirred for 1 
hour. After the solids had completely dissolved, the pale pink color solution was diluted 
to 10.0 ml and stored as a catalyst solution. NMR spectrum showed it comprised a 1.7:1 
mixture of isomers. 
 
1H-NMR (400 MHz, toluene-D8): major isomer: δ = 0.74 (s, 3H), 0.98 (s, 3H), 1.15 (d, 
J = 1.2 Hz, 3H), 1.63 (m, 1H), 1.72 (d, J = 9.3 Hz, 1H), 2.21 (m, 1H), 3.68 (m, 1H), 
4.69 (brs, 1H), 5.37 (s, 1H), 6.67-7.18 (m, 5H); minor isomer: δ = 0.76 (s, 3H), 0.77 (s, 
3H), 1.34 (d, J = 1.2 Hz, 3H), 1.63 (m, 1H), 1.70 (d, J = 9.3 Hz, 1H), 1.94 (m, 1H), 2.52 
(m, 1H), 4.69 (brs, 1H), 6.68 (s, 1H), 6.67-7.18 (m, 5H); 
 
19F-NMR (376 MHz, toluene-D8): major isomer: δ = -160.0 (m, 2F, meta-C6F5), -159.4 
(m, 2F, meta-C6F5), -154.1 (t, 1F, JF-F = 20.5 Hz, para-C6F5), -153.7 (t, 1F, JF-F = 20.5 
Hz, para-C6F5), -128.0 (m, 2F, ortho-C6F5), -126.9 (m, 2F, ortho-C6F5); minor isomer: 
δ = -160.0 (resonances are obscured by the major isomer, m, 2F, meta-C6F5), -159.4 
(resonances are obscured by the major isomer, m, 2F, meta-C6F5), -154.2 (t, 1F, JF-F = 
20.5 Hz, para-C6F5), -153.6 (t, 1F, JF-F = 20.5 Hz, para-C6F5), - 128.5 (m, 2F, ortho-
C6F5); ), - 126.4 (m, 2F, ortho-C6F5); 
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2.5.2.9 (1S,2S,5S)-4,6,6-trimethyl-N-phenylbicyclo[3.1.1]hept-3-en-2-amine (2-
16)[121] 
NH
2-16  
C16H21N, 227.34 g / mol 
 
To a solution of 2-14 (3.20 g, 14.0 mmol) in methanol (15 ml) NaBH4 was added in 
small portions. Aqueous HCl solution (10 %) was added to acidify the mixture, and 
solvent was removed on a rotary evaporator. The residue was dissolved in 
dichloromethane and saturated sodium carbonate solution was added until the mixture 
turned basic. The mixture was extracted with dichloromethane (3 × 30 ml). After 
washing with saturated aqueous NaCl solution, the combined organic layers were dried 
over NaSO4. The solvent was removed and the crude product was purified by 
chromatography on silica gel (pentane / ethyl acetate: 25 / 1). 
 
1H-NMR (400 MHz, CDCl3): δ = 1.09 (s, 3H), 1.33 (s, 3H), 1.42 (d, J = 8.7, 1H), 1.76 
(t, J = 1.8 Hz, 3H), 2.03 (t, J = 5.5 Hz, 1H), 2.44 (m, 1H), 2.51 (m, 1H), 3.91 (brs, 1H), 
4.31 (s, 1H), 5.39 (s, 1H), 6.61 (m, 2H), 6.68 (m, 1H), 7.17 (m, 1H); 
 
13C-NMR (100 MHz, CDCl3): δ = 22.7, 22.8, 26.9, 34.8, 38.8, 45.1, 47.6, 56.3, 112.8, 
116.9, 117.7, 129.3, 146.6,147.5. 
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2.5.2.10 (1S,2S,5S)-N-4,6,6-tetramethyl-N-phenylbicyclo[3.1.1]hept-3-en-2-amine 
(2-18) 
 
C17H23N, 241.37 g / mol 
 
A solution of 2-16 (1.46 g, 6.40 mmol) in ether (25 ml) was cooled to -78 °C in a dry 
ice bath and BuLi (4.0 ml of 1.6 M hexane solution, 6.40 mmol) was slowly added via 
syringe. The mixture was then slowly warmed to -30 °C, and methyl iodide (0.92 g, 
6.40 mmol) was added. The solution was allowed to warm to room temperature and 
stirred overnight. The mixture was poured into saturated aqueous NaCl solution. The 
aqueous layer was extracted with ether (3 × 30 ml), and combined organic layers were 
dried over Na2CO3. The solvent was removed and the crude product was purified by 
chromatography on silica gel (pentane / ethyl acetate: 30 / 1). 
 
1H-NMR (400 MHz, CDCl3): δ = 1.00 (s, 3H), 1.31 (s, 3H), 1.47 (d, J = 8.0 Hz, 1H), 
1.81 (t, J = 1.9 Hz, 3H), 2.07 (t, J = 5.5 Hz, 1H), 2.54 (m, 2H), 2.97 (s, 3H), 4.50 (s, 
1H), 5.40 (s, 1H), 6.74 (m, 3H), 7.27 (m, 2H); 
 
13C-NMR (100 MHz, CDCl3): δ = 23.2, 23.3, 27.6, 35.5, 35.6, 37.9, 44.8, 47.6, 61.1, 
112.6, 115.9, 116.6, 129.0. 
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2.5.2.11 (1S,2S,5S)-3-(Bis(pentaflurorophenyl)boryl)-N-4,6,6-tetramethyl-N-
phenylbicyclo[3.1.1] heptan -2-amine (2-19) 
 
C29H24BF10N, 587.30 g / mol 
 
A suspension of (C6F5)2BH (34.6 mg, 0.10 mmol) in toluene (1.0 ml) was prepared in a 
Schlenk, and 2-18 (24.1 mg, 0.10 mmol) was added to the suspension and stirred for 1 
hour. After the solids had completely dissolved, the solution was diluted to 10.0 ml and 
stored as a catalyst solution.  
 
1H-NMR (400 MHz, C6D6): δ = 0.63 (s, 3H), 0.82 (s, 3H), 0.96 (d, J = 7.4 Hz, 3H), 1.73 
(m, 1H), 1.99 (m, 1H), 2.56 (s, 3H), 2.50-2.70 (m, 2H), 2.78 (d, J = 2.8 Hz, 1H), 3.31 (s, 
1H), 3.72 (brs, 1H), 6.32 (m, 1H), 6.95 (m, 4H); 
 
13C-NMR (100 MHz, C6D6): δ = 21.3, 24.3, 25.5, 26.4, 40.0, 43.1, 46.3, 47.6, 52.6, CC-B 
is obscured, 128.2, 129.3, 142.7, 208.8; 
 
19F-NMR (376 MHz, C6D6): δ = -165.1 (m, 2F, meta-C6F5), -164.3 (m, 2F, meta-C6F5), 
-160.0 (t, 1F, JF-F = 20.5 Hz, para-C6F5), -159.5 (t, 1F, JF-F = 20.5 Hz, para-C6F5), - 
129.8 (m, 2F, ortho-C6F5), -129.2 (m, 2F, ortho-C6F5); 
 
11B-NMR (96 MHz, C6D6): δ = -15.4 (d, J = 86.9 Hz). 
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2.5.2.12 (1S,5S)-4,4,6,6-tetramethylbicyclo[3.1.1]heptan-2-one (2-20)[133] 
 
C11H18O, 188.26 g / mol 
 
To a solution of lithium dimethylcuprate (LiCu(CH3)2) [prepared from a suspension of 
cuprous iodide (2.53 g, 13.3 mmol) in ether (30 ml) and a solution of 1.6 M 
methyllithium (17.4 ml, 27.8 mmol) in ether], (S)-verbenone (1.96 g, 13.0 mmol) was 
added at 0 °C. The reaction mixture was stirred for 1 hour at 0 °C prior to being 
quenched with 10 ml of saturated NH4Cl. After reaching room temperature, aqueous 
NH3 solution was added until the copper salts dissolved. The aqueous layer was 
extracted with ether (3 × 30 ml). The combined organic layers were washed with brine, 
dried, and evaporated. The residual oil was purified by Kugelrohr distillation to give 
colorless oil (1.85 g, 85 %). 
1H-NMR (400 MHz, CDCl3): δ = 0.95 (s, 3H), 1.01 (s, 3H), 1.12 (s, 3H), 1.29 (s, 3H), 
1.56 (d, J = 10.3 Hz, 1H), 1.81 (d, J = 5.7 Hz, 1H), 2.29 (m, 2H), 2.39-2.50 (m, 2H);  
 
13C-NMR (100 MHz, CDCl3): δ = 25.4, 25.8, 27.3, 29.1, 31.9, 32.1, 41.2, 48.3, 53.6, 
58.2, 214.4. 
2.5.2.13 (1S,5S)-4,4,6,6-tetramethyl-2-phenylbicyclo[3.1.1]heptan-2-ol (2-21)[134] 
 
C17H24O, 244.37 g / mol 
 
A solution of 2-20 (1.85 g, 11.1 mmol) in THF (10 ml) was added dropwise to a 1.8 M 
solution of PhLi (9.3 ml, 16.7 mmol) cooled to 0 °C. Once the addition was complete, 
the solution was allowed to warm to room temperature and stirred overnight. The flask 
was cooled to 0 °C, and sufficient aqueous NH4Cl solution added dropwise to quench 
the unreacted PhLi. The aqueous layer was extracted with ether (3 × 30 ml), the organic 
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layers were combined and dried over Na2SO4, and the solvent was evaporated. The 
crude product was purified by column chromatography on silica gel (first, pentane, then 
pentane / ethyl acetate: 15 / 1) and yielded a white solid (1.50 g, 55 %).  
 
1H-NMR (400 MHz, CDCl3): δ =0.92 (d, J = 11.0 Hz, 1H), 0.96 (s, 3H), 1.10 (s, 3H), 
1.26 (s, 3H), 1.29 (s, 3H), 1.54 (t, J = 5.4 Hz, 1H), 1.87 (s, 1H), 1.99 (m, 1H), 2.14 (m, 
2H), 2.45 (d, J = 16.1 Hz, 1H), 7.16 (m, 1H), 7.25 (m, 2H), 7.43 (m, 2H); 
 
13C-NMR (100 MHz, CDCl3): δ = 26.4, 27.4, 29.5, 30.9, 31.5, 34.2, 39.6, 46.8, 52.8, 
53.6, 79.3, 126.3, 126.9, 128.0, 149.2. 
2.5.2.14 (1S,5S)-4,4,6,6-tetramethyl-2-phenylbicyclo[3.1.1]hept-2-ene (2-22)[134] 
 
C17H22, 226.36 g / mol 
 
To a solution of 2-21 (1.5 g, 6.1 mmol) in dry pyridine (5 ml), POCl3 (1.1 ml, 12.2 
mmol) was added at - 10 °C. The reaction mixture was stirred at 0 °C for 4 hours and 
then at room temperature overnight. The resulting suspension was slowly poured into 
stirring ice-water. The water layer was extracted with ether (3 × 30 ml), the organic 
layers were combined and washed with 1 M HCl, water, saturated aqueous NaHCO3 
and dried over Na2SO4. The solvent was evaporated, and the crude product was purified 
by Kugelrohr distillation (3-5 × 10-2 mbar, 80 °C, 1.1g, 82 %).  
 
1H-NMR (400 MHz, CDCl3): δ = 0.97 (s, 3H), 0.99 (s, 3H), 1.07 (s, 3H), 1.34 (s, 3H), 
1.45 (d, J = 9.3 Hz, 1H), 1.78 (m, 1H), 2.36 (m, 1H), 2.56 (t, J = 5.8 Hz, 1H), 5.56 (t, J 
= 1.7 Hz, 1H), 7.12 (m, 1H), 7.18-7.26 (m, 4H); 
 
13C-NMR (100 MHz, CDCl3): δ = 24.8, 26.3, 27.8, 30.3, 31.5, 38.8, 42.0, 46.4, 53.3, 
125.2, 126.5, 128.3, 129.9, 141.9, 144.8. 
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2.5.2.15 (1S,5S)-4,6,6-trimethylbicyclo[3.1.1]heptan-2-one (2-23)[135] 
 
C10H16O, 152.23 g / mol 
 
(S)-verbenone (3.00 g, 20.0 mmol), limonene (10 ml), and 10 % Pd / C (0.50 g, 0.43 
mmol) were placed in a Schlenk flask. The mixture was heated to 170 oC in an oil bath 
with vigorous magnetic stirring for 1 hour. After filtration, the product was isolated by 
column chromatography on silica gel (first, pentane (remove limonene), then pentane / 
ethyl acetate: 1 / 3) as a colorless liquid (1.76 g, 58 %).  
 
1H-NMR (400 MHz, CDCl3): δ = 0.98 (s, 3H), 1.14 (d, J = 7.3 Hz, 3H), 1.32 (s, 3H), 
1.38 (d, J = 10.3 Hz, 1H), 2.06-2.20 (m, 2H), 2.35 (m, 1H), 2.50-2.62 (m, 2H), 2.84 (m, 
1H); 
 
13C-NMR (100 MHz, CDCl3): δ =21.1, 24.6, 27.0, 28.5, 31.1, 40.3, 41.4, 47.4, 58.0, 
214.5. 
2.5.2.16 (1S,5S)-4,6,6-trimethyl-2-phenylbicyclo[3.1.1]heptan-2-ol (2-24)[134] 
 
C16H22O, 230.36 g / mol 
 
A solution of 2-23 (1.76 g, 11.6 mmol) in THF (10 ml) was added dropwise to a 1.8 M 
solution of PhLi (10.0 ml, 18.0 mmol) at 0 °C. Once the addition was complete, the 
solution was allowed to warm to room temperature and stirred overnight. The flask was 
cooled to 0 °C, and sufficient aqueous NH4Cl solution added dropwise to quench the 
unreacted PhLi. The aqueous layer was extracted with ether (3 × 30 ml), the organic 
layers were combined and dried over Na2SO4, and the solvent was evaporated. The 
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crude product was purified by column chromatography on silica gel (first, pentane, then 
pentane / ethyl acetate: 15 / 1) yielded a white solid (1.47 g, 56 %).  
 
1H-NMR (400 MHz, CDCl3): δ = 0.70 (m, 1H), 1.06 (d, J = 6.8 Hz, 3H), 1.23 (s, 3H), 
1.27 (s, 3H), 1.77 (t, J = 5.3 Hz, 1H), 1.93 (s, 1H), 1.96-2.16 (m, 4H), 2.77 (m, 1H), 
7.16 (m, 1H), 7.26 (m, 2H), 7.41 (m, 2H); 
 
13C-NMR (100 MHz, CDCl3): δ =21.1, 24.7, 29.4, 31.3, 35.4, 39.1, 41.9, 47.4, 54.4, 
78.9, 126.4, 126.8, 127.9, 149.1. 
2.5.2.17 (1S,5S)-4,6,6-trimethyl-2-phenylbicyclo[3.1.1]hept-2-ene (2-25)[134] 
 
C16H20, 212.33 g / mol 
 
To a solution of 2-24 (1.40 g, 6.10 mmol) in dry pyridine (5 ml), POCl3 (1.1 ml, 12.2 
mmol) was added at - 10 °C. The reaction mixture was stirred at 0 °C for 4 hours and 
then at room temperature overnight. The resulting suspension was slowly poured into 
stirring ice-water. The water layer was extracted with ether (3 × 30 ml), the organic 
layers were combined and washed with 1 M HCl, water, saturated aqueous NaHCO3 
and dried over Na2SO4. The solvent was evaporated, and the crude product was purified 
by Kugelrohr distillation (3-5 × 10-2 mbar, 75 °C, 1.0 g, 80 %). 
 
1H-NMR (400 MHz, CDCl3): δ = 0.94 (s, 3H), 1.09 (d, J = 7.6 Hz, 3H), 1.31 (d, J = 8.8 
Hz, 1H), 1.32 (s, 3H), 2.04 (m, 1H), 2.49 (m, 1H), 2.56 (m, 1H), 2.68 (m, 1H), 5.75 (m, 
1H), 7.11 (m, 1H), 7.18-7.28 (m, 4H); 
 
13C-NMR (100 MHz, CDCl3): δ = 18.5, 23.5, 27.4, 34.6, 38.1, 39.6, 45.7, 47.7, 125.1, 
125.9, 128.3, 141.8, 145.6. 
 
 101
General procedure for synthesis 2-29a—c[122]: A solution of aromatic bromide (12.4 
g, 60 mmol) in THF (10 ml), was slowly added to magnesium turnings (1.46 g, 60 
mmol) in THF (40 ml) under an Argon atmosphere. After the initial reaction had 
subsided, the solution was heated for 30 min. A solution of R-(+)-Camphor (4.56 g, 30.0 
mmol) in THF (10 ml) was added and the reaction mixture was warmed overnight. The 
mixture was cooled in an ice-water bath and then quenched with saturated aqueous 
NH4Cl (10 ml). The organic layer was separated and the aqueous phase was extracted 
with ether (3 × 30 ml). The organics were combined, dried (Na2SO4), and concentrated 
in vacuo. 
The residue was dissolved in 20 ml of pyridine, and the mixture was cooled in a salt-ice 
bath (-10 °C). Thionyl chloride (1 ml) was slowly added by syringe, and the mixture 
was stirred at 0 °C for 1 h. The reaction mixture was diluted with water and extracted 
with pentane (3 × 30 ml). The extract was washed, sequentially, with 10 % HCl, 
saturated aqueous NaHCO3, and saturated aqueous NaCl. The combined organics were 
dried over Na2SO4. After removal of the solvents, the residue was purified through the 
removal of unreacted camphor and biphenyl by Kugelrohr distillation (high vacuum, 80 
°C). After distillation, the crude product was purified by column chromatography on 
silica gel (eluent: pentane / ethyl acetate = 30 / 1) to give 2-29 as a colorless liquid or 
solid.  
2.5.2.18 (1R,4R)-1,7,7-trimethyl-2-phenylbicyclo[2.2.1]hept-2-ene (2-29a) 
 
C16H20, 212.33 g / mol 
 
The tertiary alcohol 2-28a was dehydrated with POCl3 / pyridine to provide two 
products, as evidence by NMR analysis, in a 3:2 ratio. The major product was the 
desired 2-29a, the minor product was 1-phenylcamphene, which has similar boiling 
point and TLC—Rf value to 2-29a. Therefore, it can not be removed from 2-29a by 
distillation or column chromatography. Taking advantage of the fact that terminal 
double bonds, as in the impurity, are known to react more rapidly with bulky 
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dialkylboranes than a phenyl trisubstituted double bond,[123] as in 2-29a, the two 
compounds were separated  by treatment of the mixture with 50 mol % of 9-BBN in 
THF at room temperature for 20 h. The solvent was removed in vacuo, and the residue 
was distilled by Kugelrohr (3-5 × 10-2 mbar, 90 °C) to give pure 2-29a as a colorless 
liquid. 
 
1H-NMR (400 MHz, C6D6): δ = 0.71 (s, 3H), 0.92 (s, 3H), 1.04 (s, 3H), 1.07 (m, 1H), 
1.29 (m, 1H), 1.56 (m, 1H), 1.84 (m, 1H), 2.24 (t, J = 3.3 Hz, 1H), 5.88 (d, J = 3.3 Hz, 
1H), 7.02-7.24 (m, 5H); 
 
13C-NMR (75 MHz, C6D6): δ = 12.8, 19.9, 26.0, 32.3, 52.0, 55.1, 57.3, 126.7, 127.1, 
128.4, 131.7, 138.9, 150.4; 
 
HRMS (EI): m / z calcd. For [C16H20] : 212.1559, found: 212.1560. 
2.5.2.19 (1R,4R)-1,7,7-trimethyl-2-(4-fluorophenyl)bicyclo[2.2.1]hept-2-ene (2-29b) 
 
C16H19F, 230.15 g / mol 
 
Colorless liquid. 
 
1H-NMR (400 MHz, C6D6): δ = 0.73 (s, 3H), 0.91 (s 3H), 0.98 (s, 3H), 1.06 (m, 1H), 
1.21 (m, 1H), 1.55 (m, 1H), 1.85 (m, 1H), 2.25 (t, J = 3.4 Hz, 1H), 5.80 (d, J = 3.4 Hz, 
1H), 6.82 (m, 2H), 6.97 (m, 2H); 
 
13C-NMR (100 MHz, C6D6): δ = 12.5, 19.6, 19.7, 25.8, 32.0, 51.8, 55.0, 57.1, 115.1 (JC-
F = 21.3 Hz), 128.5 (d, JC-F = 8.1 Hz), 131.6, 134.6 (d, JC-F = 3.0 Hz), 149.1, 162.2 (d, 
JC-F = 245.3 Hz); 
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HRMS (EI): m / z calcd. For [C16H19F] : 230.1465, found: 230.1469. 
2.5.2.20 (1R,4R)-1,7,7-trimethyl-2-(2-naphthyl)bicyclo[2.2.1]hept-2-ene (2-29c)  
 
C20H22, 262.39 g / mol 
 
White solid. 
 
1H-NMR (400 MHz, C6D6): δ = 0.77 (s, 3H), 1.00 (s, 3H), 1.15 (m, 1H), 1.16 (s, 3H), 
1.42 (m, 1H), 1.64 (m, 1H), 1.91 (m, 1H), 2.32 (t, J = 3.4 Hz), 6.03 (d, J = 3.4 Hz), 
7.22-7.32 (m, 2H), 7.36-7.42, (m, 1H), 7.58-7.70 (m, 3H), 7.75 (s, 1H); 
 
13C-NMR (100 MHz, C6D6): δ = 12.8, 19.7, 19.8, 26.0, 32.2, 52.0, 55.2, 57.2, 125.1, 
125.5, 125.9, 126.1, 127.8, 128.1, 132.3, 132.8, 134.0, 136.3, 150.3; 
 
HRMS (EI): m / z calcd. For [C20H22] : 262.1716, found: 262.1718. 
2.5.2.21 Synthesis of chiral boranes 2-30[114-115]  
To a suspension of (C6F5)2BH (34.6 mg, 0.10 mmol) in toluene or pentane (1.0 ml) in a 
Schlenk tube, the chiral alkene 2-29 (0.10 mmol) was added and stirred for 1 hour. The 
resulting solution was evaporated to dryness in vacuo to yield 2-30 as white foaming 
solids. The hydroboration products are indefinitely stable in solution when stored in a 
glovebox. 
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Bis(perfluorophenyl)((1R,4S)-4,7,7-trimethyl-3-phenyl-bicyclo[2.2.1]heptan-2-
yl)borane (2-30a) (4:1 mixture of isomers)  
 
 
C28H21BF10, 558.26 g / mol 
 
1H-NMR (300 MHz, toluene-D8): major: δ = 0.59 (s, 3H), 0.79 (s, 3H), 0.89 (s, 3H), 
1.01-1.18 (m, 1H), 1.50-1.65 (m, 2H), 1.75-1.97 (m, 1H), 1.98-2.07 (m, 1H), 2.11-2.20 
(m, 1H), 3.04-3.16 (m, 1H), 6.79-7.05 (m, 5H); minor: δ = 0.64 (s, 3H), 0.73 (s, 3H), 
0.92 (s, 3H), 1.19-1.33 (m, 1H), 1.38-1.68 (m, 2H), 1.75-1.97 (m, 1H), 2.38 (t, J = 3.7 
Hz, 1H), 3.0-3.28 (m, 2H), aromatic resonances are obscured by the major isomer; 
 
13C-NMR (75 MHz, toluene-D8): major: δ = 13.9, 19.0, 19.5, 20.1, 28.2, 30.5, 49.1, 
50.8, 52.6, 55.0, 58.5 (brs, B-C), 126.8, 128.1, 128.8, 140.2, quaternary carbon of C6F5 
ring was not observed; minor: δ = 14.4, 19.6, 20.1, 20.7, 30.1, 40.8, 49.7, 51.7, 56.2, CC-
B is obscured, 126.4, 127.9, 129.0, 141.1, quaternary carbon of C6F5 ring was not 
observed; 
19F-NMR (282 MHz, toluene-D8): major: δ = -161.3 (m, 4F, meta-C6F5), -150.5 (t, 2F, 
JF-F = 20.1 Hz, para-C6F5), -130.8 (m, 4F, ortho-C6F5); minor: δ = -161.1 (m, 4F, meta-
C6F5), -149.8 (t, 2F, JF-F = 20.1 Hz, para-C6F5), -132.1 (m, 4F, ortho-C6F5); 
 
11B-NMR (96 MHz, toluene-D8): δ = 81.8; 
 
Mass Spectrum (CI): m / z (relative intensity), 558 (6.3, M+), 481 (57.4), 464 (78.1), 425 
(49.0), 213 (47.6), 212 (41.9), 110 (100), 95 (88.2). 
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Bis(perfluorophenyl)((1R,4S)-4,7,7-trimethyl-3-(2-fluorophenyl) bicycle [2.2.1] 
heptan-2-yl)borane (2-30a) (2-30b) (4:1 mixture of isomers) 
 
 
C28H20BF11, 576.25 g / mol 
 
1H-NMR (300 MHz, toluene-D8): major: δ = 0.54 (s, 3H), 0.78 (s, 3H), 0.85 (s, 3H), 
1.01-1.16 (m, 1H), 1.37-1.54 (m, 2H), 1.84-1.94 (m, 2H), 2.10-2.16 (m, 1H), 2.97-3.04 
(m, 1H), 6.53-6.77 (m, 4H); minor: δ = 0.57 (s, 3H), 0.73 (s, 3H), 0.85 (s, 3H), 1.17-
1.28 (m, 1H), 1.34-1.66 (m, 2H), 1.75-1.85 (m, 1H), 2.36 (t, J = 3.6 Hz, 1H), 2.91-3.15 
(m, 2H), aromatic resonances are obscured by the major isomer; 
 
13C-NMR (75 MHz, toluene-D8): major: δ = 13.8, 18.9, 19.5, 28.1, 30.4, 49.0, 50.7, 
52.7, 54.2, 58.1 (brs, B-C), 115.0 (d, JC-F = 21.2 Hz), 130.1 (d, JC-F = 7.7 Hz), 135.9 (d, 
JC-F = 3.4  Hz), 162.0 (d, JC-F = 246.3 Hz), quaternary carbon of C6F5 ring was not 
observed; minor: δ = 14.3, 20.0, 20.7, 30.1, 40.6, 49.7, 51.4, 51.8, 55.5, CC-B is 
obscured, 114.7 (d, JC-F = 21.2 Hz), 130.3 (d, JC-F = 7.7 Hz), 136.8 (d, JC-F = 3.4  Hz), 
161.6 (d, JC-F = 246.3 Hz), quaternary carbon of C6F5 ring was not observed; 
 
19F-NMR (282 MHz, toluene-D8): major: δ = -161.0 (m, 4F, meta-C6F5), -150.2 (t, 2F, 
JF-F = 20.1 Hz, para-C6F5), -130.7 (m, 4F, ortho-C6F5), -116.0 (s, 1F, para-C6H4F); 
minor: δ = -161.1 (m, 4F, meta-C6F5), -149.4 (t, 2F, JF-F = 20.1 Hz,  para-C6F5), -132.0 
(m, 4F, ortho-C6F5), -116.5 (s, 1F, para-C6H4F); 
 
11B-NMR (96 MHz, toluene-D8): δ = 78.0; 
 
Mass Spectrum (CI): m / z (relative intensity), 576 (3.9, M+), 482 (100), 481 (54.3), 425 
(27.3), 231 (12.6), 230 (19.8), 110 (75.7), 95 (72.0). 
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Bis(perfluorophenyl)((1R,4S)-4,7,7-trimethyl-3-(2-naphthyl)-bicyclo [2.2.1] heptan-
2-yl)borane (2-30c): (3:1 mixture of isomers) 
 
C32H23BF10, 608.32 g / mol 
 
1H-NMR (300 MHz, toluene-D8): major: δ = 0.68 (s, 3H), 0.83 (s, 3H), 0.95 (s, 3H), 
1.08-1.22 (m, 1H), 1.48-1.77 (m, 2H), 1.8-2.04 (m, 1H), 2.18-2.28 (m, 2H), 3.31-3.37 
(m, 1H), 6.93-7.25 (m, 3H), 7.34-7.57 (m, 4H); minor: δ = 0.74 (s, 3H), 0.76 (s, 3H), 
1.02 (s, 3H), 1.27-1.39 (m, 1H), 1.49-1.68 (m, 2H), 1.80-1.90 (m, 1H), 2.45 (t, J = 3.5 
Hz, 1H), 3.25-3.50 (m, 2H), aromatic resonances are obscured by the major isomer; 
 
13C-NMR (75 MHz, toluene-D8): major: δ = 14.1, 19.0, 19.6, 28.5, 30.7, 49.2, 51.2, 
52.8, 55.2, 58.5 (bs, B-C), 125.9, 126.4, 127.0, 127.7, 132.8, 133.7, 137.9, the other 
three aromatic resonances from th naphthalene group are obscured by the solvent peak, 
and  quaternary carbon of C6F5 ring was not observed; minor: δ = 14.6, 20.2, 20.7, 30.2, 
40.8, 50.0, 51.8, 51.9, 56.2, CC-B is obscured, 125.9, 126.3, 127.4, 127.8, 132.4, 133.5, 
138.8, the other three aromatic resonances from the naphthalene group are obscured by 
the solvent peak, and  quaternary carbon of C6F5 ring was not observed; 
 
19F-NMR (282 MHz, toluene-D8): major: δ = -161.2 (m, 4F, meta-C6F5), -150.2 (t, 2F, 
JF-F = 20.6 Hz, para-C6F5), -130.7 (m, 4F, ortho-C6F5); minor: δ = -161.0 (m, 4F, meta-
C6F5), -149.5 (t, 2F, JF-F = 20.6 Hz, para-C6F5), -132.2 (dm, 4F, ortho-C6F5); 
 
11B-NMR (96 MHz, toluene-D8): δ = 77.7; 
 
Mass Spectrum (CI): m / z (relative intensity), 608 (10.0, M+), 498 (10.3), 482 (7.4), 481 
(6.6), 263 (50.6), 262 (100), 219 (27.3), 192 (17.5). 
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2.5.2.22 Reaction of 2-30a / t-Bu3P with hydrogen 
In a glove box, a 100 ml Young-type Schlenk flask was charged with a mixture of 2-30a 
(279 mg, 0.50 mmol), tri-tert-butylphosphine 2-31 (101 mg, 0.50 mmol) and pentane 
(10 ml). The solution was degassed three times with freeze-pump-thaw cycles and 
refilled with H2 (1 bar) at liquid nitrogen temperature. The reaction was allowed to stir 
at room temperature for 30 hours. The product precipitated during this time as a 
colorless solid. The supernatant was decanted and the residue was washed with pentane 
and dried in vacuo to yield a mixture of 2-32 and 2-33 (202 mg 53 %). A 1:1 mixture of 
2-32 and 2-33 was obtained by recrystallization in dichloromethane and pentane. 
Crystals suitable for X-ray diffraction were grown from a layered dichloromethane / 
pentane solution at room temperature. 
The diastereomeric pure compound 2-32 was obtained by reducing the reaction time to 
90 min. Crystals suitable for X-ray diffraction were grown from a layered 
dichloromethane / pentane solution at - 28 oC. The corresponding supernatant was 
treated with H2 for 48 hours to yield diastereomeric pure 2-33. Crystals suitable for X-
ray diffraction were grown from a layered dichloromethane / pentane solution at - 28 
oC. 
 
 
C80H100B2F20P2, 1525.19 g / mol 
 
1:1 mixture of 2-32 and 2-33: 1H-NMR (600 MHz, CD2Cl2): δ = 0.52 (s, 3H), 0.55 (s, 
3H), 0.82 (s, 3H), 0.84 (s, 3H), 0.92 (s, 3H), 1.02 (m, 1H), 1.26 (m, 1H), 1.30 (s, 3H), 
1.39 (m, 1H), 1.47-1.57 (m, 4H), 1.65 (d, J = 15.7 Hz, 54H), 1.72-1.78 (m, 2H), 1.86 
(m, 1H), 2.08 (m, 1H), 2.41 (m, 1H), 2.49 (m, 1H), 2.72 (d, J = 8.8 Hz, 1H), 2.50-3.20 
(br, 2H, BH), 5.18 (d, JP-H = 432 Hz, PH), 6.78-6.83 (m, 1H), 6.87-6.95 (m, 3H), 6.96-
7.05 (m, 6H); 
 
13C{1H}-NMR (150 MHz, CD2Cl2): δ = 15.3, 15.6, 20.5, 21.5, 22.5, 22.7, 23.2, 29.3, 
30.5, 33.8, 38.2 (d, JP-C = 26.9 Hz), 42.3, 49.9, 50.5, 50.6, 50.8, 51.0, 51.7, 59.0, 62.7, 
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124.0, 124.4, 126.5, 126.7, 130.2, 130.3, 146.3 147.0, the carbon bonded to B atom and 
quaternary carbon of C6F5 ring was not observed; 
 
31P{1H}-NMR (242 MHz, CD2Cl2): δ = 59.6; 
 
31P-NMR (242 MHz, CD2Cl2) ): δ = 59.6 (dm, JP-H = 432 Hz); 
 
19F{1H}-NMR (282 MHz, CD2Cl2) ): δ = -131.0 (m, 2F), 132.3 (m, 2F), -132.5 (m, 2F), 
-132.6 (m, 2F), -166.1 (t, JF-F = 20.3 Hz, 1F), -166.4 (t, JF-F = 20.3 Hz, 1F), -167.3 (t, JF-
F = 20.3 Hz, 1F), -167.5 (t, JF-F = 20.3 Hz, 1F), -167.6-168.0 (m, 4F), -168.2-168.6 (m, 
4F); 
 
11B-NMR (96 MHz, CD2Cl2): δ = -18.8 (d, JB-H = 88 Hz), -20.1 (d, JB-H = 88 Hz). 
 
Tri-tert-butylphosphonium bis(perfluorophenyl)((1R,2R,3R,4S)-4,7,7-trimethyl-3-
phenyl-bicyclo[2.2.1]heptan-2-yl)hydroborate (2-32) 
 
C40H50BF10P, 762.59 g / mol 
 
1H-NMR (600 MHz, CD2Cl2): δ = 0.52 (s, 3H), 0.82 (s, 3H), 0.92 (s, 3H), 1.26 (m, 1H), 
1.39 (m, 1H), 1.50 (m, 1H), 1.66 (d, J = 15.7 Hz, 27H), 1.76 (m, 1H), 2.08 (m, 1H), 
2.41 (m, 1H), 2.49 (m, 1H), 2.76 (br, 1H, BH), 5.23 (d, JP-H = 432 Hz, PH), 6.81 (m, 
1H), 6.92 (m, 2H), 7.03 (m, 2H); 
 
13C{1H}-NMR (150 MHz, CD2Cl2): δ = 15.6, 20.5, 22.5, 23.2, 30.5, 38.2 (d, JP-C = 26.9 
Hz), 42.3, 49.9, 50.6, 51.7, 62.7, 124.0, 126.5, 130.3, 147.0, the carbon bonded to B 
atom and quaternary carbon of C6F5 ring was not observed; 
 
31P{1H}-NMR (242 MHz, CD2Cl2): δ = 59.3; 
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31P-NMR (242 MHz, CD2Cl2): δ = 59.3 (dm, JP-H = 432 Hz); 
 
19F{1H}-NMR (282 MHz, CD2Cl2): δ = -131.0 (m, 2F), -132.5 (m, 2F), -166.1 (t, JF-F = 
20.3 Hz, 1F), -167.3 (t, JF-F = 20.3 Hz, 1F), -167.8 (m, 2F), -168.4 (m, 2F); 
 
11B-NMR (96 MHz, CD2Cl2): δ = -20.1 (d, JB-H = 88 Hz). 
 
Tri-tert-butylphosphonium bis(perfluorophenyl)((1R,2S,3S,4S)-4,7,7-trimethyl-3-
phenyl-bicyclo[2.2.1]heptan-2-yl)hydroborate (2-33) 
 
C40H50BF10P, 762.59 g / mol 
 
1H-NMR (600 MHz, CD2Cl2): δ = 0.55 (s, 3H), 0.84 (s, 3H), 1.02, (m, 1H), 1.30 (s, 
3H), 1.48-1.56 (m, 3H), 1.64 (d, J = 15.7 Hz, 27H), 1.75 (m, 1H), 1.86 (m, 1H), 2.72 (d, 
J = 8.8 Hz, 1H), 2.87 (br, 1H, BH), 5.11 (d, JP-H = 431 Hz, PH), 6.89 (m, 1H), 6.96-7.02 
(m, 4H); 
 
13C{1H}-NMR (150 MHz, CD2Cl2): δ = 15.3, 21.5, 22.7, 29.3, 30.5, 33.7, 38.2 (d, JP-C = 
26.9 Hz), 50.6, 50.8, 51.0, 59.0, 124.4, 126.7, 130.2, 146.3, the carbon bonded to B 
atom and quaternary carbon of C6F5 ring was not observed; 
 
31P{1H}-NMR (242 MHz, CD2Cl2): δ = 59.8; 
 
31P-NMR (242 MHz, CD2Cl2) ): δ = 59.8 (dm, JP-H = 431 Hz); 
 
19F{1H}-NMR (282 MHz, CD2Cl2): δ = -132.3 (m, 2F), -132.6 (m, 2F), -166.4 (t, JF-F = 
20.3 Hz, 1F), -167.5 (t, JF-F = 20.3 Hz, 1F), -167.9 (m, 2F), -168.5 (m, 2F); 
 
11B-NMR (96 MHz, CD2Cl2): δ = -18.8 (d, JB-H = 88 Hz). 
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2.5.2.22 General procedure for the preparation of imines 2-6a—2-6k 
Method A[136]: Molecular sieves (4 Å, 20 ml) was added to a solution of ketone (20.0 
mmol) and aniline (24.0 mmol) in dry toluene (40 ml). After being heated to 110 oC 
overnight, the reaction mixture was filtered. Solvent was evaporated and the crude 
product was purified by Kugelrohr distillation (high vacuum, 90 °C, reactants; 130 - 150 
°C products).  
 
Method B[137]: To a solution of ketone (20.0 mmol), aniline (24.0 mmol) and 
triethylamine in dichloromethane (50 ml) was added TiCl4 (10.0 mmol) in 
dichloromethane (15 ml) at 0 °C for 15 min. The reaction mixture was stirred for 30 min 
at 0 °C and further stirred overnight at room temperature. The resulting suspension was 
quenched with saturated aqueous K2CO3 solution (60 ml), and the reaction mixture was 
filtered through a Büchner funnel. The water layer was extracted with ether (3 × 30 ml), 
and the combined organic layers were washed with brine and dried over Na2CO3. The 
solvent was evaporated, and the imine was recrystallized from ethanol.  
 
N-(1-Phenylethylidene)aniline (2-6a): Prepared according to method A from 
acetophenone and aniline, pale yellow solid (yield, 87 %). 
 
 
C14H13N, 195.26 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ =2.25 (s, 3H), 6.82 (d, J = 7.3 Hz, 2H), 7.11 (t, J = 7.4 
Hz, 1H), 7.36 (t, J = 7.7 Hz, 2H), 7.42-7.54 (m, 3H), 8.00 (m, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 14.7, 119.4, 123.3, 127.2, 128.4, 129.0, 130.5, 139.5, 
151.7. 
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N-(1-(4-fluorophenyl)ethylidene)aniline (2-6b): Prepared according to method B from 
4-fluoroacetophenone and aniline, white solid (yield, 83 %). 
 
 
C14H12FN, 213.25 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.23 (s, 3H), 6.80 (m, 2H), 7.07-7.17 (m, 3H), 7.36 
(m, 2H), 7.80 (m, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.3, 115.3 (d, JC-F = 21.5 Hz), 119.4, 123.3, 129.0, 
129.3 (d, JC-F = 8.1 Hz), 135.7 (d, JC-F = 3.7 Hz), 151.5, 164.2, 164.3 (d, JC-F = 251.5 
Hz); 
 
N-(1-(4-Chlorophenyl)ethylidene)aniline (2-6c): Prepared according to method B 
from 4-chloroacetophenone and aniline, yellow solid (yield, 85 %).  
 
 
C14H12ClN, 229.70 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.22 (s, 3H), 6.79 (d, J = 7.3 Hz, 2H), 7.10 (t, J = 7.3 
Hz, 1H), 7.36 (t, J = 8.0 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.3, 119.4, 123.5, 128.5, 128.6, 129.0, 136.7, 137.8, 
151.3, 164.4. 
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N-(1-(4-Methoxyphenyl)ethylidene)aniline (2-6d): Prepared according to method B 
from 4-methoxyacetophenone and aniline, pale yellow solid (yield, 79 %). 
 
N
MeO
2-6d  
C15H15NO, 225.29 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.21 (s, 3H), 3.87 (s, 3H), 6.80 (d, J = 7.9 Hz, 2H), 
7.10 (d, J = 8.8 Hz, 1H), 7.08 (t, J = 7.3 Hz, 1H), 7.42 (t, J = 7.9 Hz, 2H), 7.96 (d, J = 
8.8 Hz, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.2, 55.4, 113.6, 119.7, 123.1, 128.8, 128.9, 132.2, 
151.9, 161.6, 164.6. 
 
N-(1-phenylethylidene)-4-methoxyaniline (2-6e): Prepared according to method B 
from acetophenone and 4-methoxyaniline, yellow solid (yield, 90 %). 
 
C15H15NO, 225.29 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.26 (s, 3H), 3.82 (s, 3H), 6.76 (d, J = 8.7 Hz, 2H), 
6.92 (t, J = 8.7 Hz, 2H), 7.10 (m, 2H), 7.45 (m, 3H), 7.97 (m, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.4, 55.5, 114.3, 120.8, 127.1, 128.4, 130.4, 139.7, 
144.8, 156.0, 165.8. 
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N-(1-(2-naphthyl)ethylidene)aniline (2-6f): Prepared according to method B from 2-
acetonaphthone and aniline, yellow solid (yield 71 %). 
 
 
C18H15N, 245.32 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.40 (s, 3H), 6.86 (d, J = 7.6 Hz, 2H), 7.11 (t, J = 7.4 
Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H), 7.54 (m, 2H), 7.91 (m, 3H), 8.24 (d, J = 8.8 Hz, 1H), 
8.36 (s, 1H); 
 
13C-NMR (75 MHz, CDCl3): δ =17.4, 119.5, 123.4, 124.3, 126.4, 127.2, 127.6, 127.7, 
128.1, 129.0, 129.1, 132.9, 134.5, 136.8. 
 
N-(1-(1-naphthyl)ethylidene)aniline (2-6g): Prepared according to method B from 1-
acetonaphthone and aniline, yellow solid as a 1.9:1 mixture of isomers (yield, 52 %). 
 
 
C18H15N, 245.32 g / mol 
 
1H-NMR (300 MHz, CDCl3): major isomer: δ = 2.37 (s, 3H), 7.00 (m, 2H), 7.17 (m, 
1H), 7.44 (m, 2H), 7.54 (m, 3H), 7.70 (m, 1H), 7.80 (t, J = 7.4 Hz, 1H), 7.92 (d, J = 8.2 
Hz, 2H); minor isomer: δ =2.67 (s, 3H), 6.70 (m, 2H), 6.79 (m, 1H), 6.96 (m, 1H), 7.17 
(m, 1H), 7.34 (m, 1H), 7.45 (m, 1H), 7.56 (m, 1H), 7.61 (m, 1H), 7.71, (d, J = 8.2 Hz, 
1H), 8.43 (d, J = 8.2 Hz, 2H); 
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13C-NMR (75 MHz, CDCl3): δ = 22.0, 29.8, 119.4, 120.3, 123.5, 123.6, 124.6, 124.9, 
125.0, 125.2, 125.3, 126.0, 126.1, 126.6, 126.8, 128.2, 128.4, 128.5, 128.6, 129.2, 
129.3, 129.5, 130.2, 133.2, 134.1, 137.5, 139.3, 151.2, 169.3. 
 
N-(1-phenylethylidene)-2,4,6-trimethylaniline (2-6h): Prepared according to method 
A from acetophenone and 2,4,6-trimethylaniline, yellow oil (yield, 43 %). 
 
 
C17H19N, 237.34 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.92 (s, 6H), 1.97 (s, 3H), 2.20 (s, 3H), 6.79 (s, 2H), 
7.36 (m, 3H), 7.94 (m, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.5, 18.0, 20.9, 125.7, 127.2, 128.5, 128.7, 130.5, 
132.0, 139.4, 146.6, 165.5. 
 
N-(1-phenylethylidene)-2,6-diisopropylaniline (2-6i): Prepared according to method 
A from acetophenone and 2,6-diisopropylaniline. Recrystallization from methanol 
afforded a pale yellow solid (yield, 38 %). 
 
 
C20H25N, 279.42 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.15 (d, J = 6.8 Hz, 6H), 1.17 (d, J = 6.8 Hz, 6H), 
2.12 (s, 3H), 2.77 (hept, J = 6.8 Hz, 2H), 7.04-7.20 (m, 3H), 7.44-7.54 (m, 3H), 8.04 (m, 
2H); 
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13C-NMR (75 MHz, CDCl3): δ = 18.1, 23.0, 23.3, 28.2, 123.0, 123.3, 127.2, 128.5, 
130.4, 136.1, 139.2, 146.8, 164.8. 
 
N-(1-(2-Naphthyl)ethylidene)-4-methoxyaniline (2-6j): Prepared according to method 
B from 2-acetonaphthone and 4-methoxyaniline, yellow solid (yield, 75 %). 
 
 
C19H17NO, 275.34 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.39 (s, 3H), 3.84 (s, 3H), 6.83 (d, J = 9.1 Hz, 2H), 
6.95 (d, J = 9.1 Hz, 2H), 7.54 (m, 2H), 7.85-8.00 (m, 3H), 8.24 (d, J = 8.7 Hz, 1H), 8.34 
(s, 1H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.3, 55.5, 114.3, 120.8, 124.3, 126.3, 127.1, 127.6, 
127.8, 128.0, 128.9, 133.0, 134.4, 137.2, 144.9, 156.1, 165.5. 
 
N-(1-phenylethylidene)-2-methylaniline (2-6k): Prepared according to method A from 
acetophenone and 2-methylaniline, yellow solid (yield, 66 %). 
 
 
C15H15N, 209.29 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 2.03 (s, 3H), 2.07 (s, 3H), 6.57 (d, J = 7.6 Hz, 1H), 
6.92 (t, J = 7.6 Hz, 1H), 7.10 (m, 2H), 7.36 (m, 3H), 7.93 (m, 2H); 
 
13C-NMR (75 MHz, CDCl3): δ = 17.6, 17.9, 118.6, 123.4, 126.5, 127.3, 128.5, 130.4, 
130.5, 139.5, 150.4, 165.0. 
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2.5.3 General procedure for the catalytic hydrogenation of imines 
with chiral boranes 2-30 
Under an argon atmosphere, catalyst solution (1.0 ml, 0.01mmol / ml) and imine (0.1 
mmol) were transferred to a stainless steel autoclave. The autoclave was purged three 
times with hydrogen and finally pressurized to 20 bar. The reaction mixture was stirred 
at 65°C for 16 hours. And then the hydrogen gas was released. The conversion of the 
substrate was determined by 1H-NMR spectroscopy of the crude reaction mixture, and 
the product was purified by chromatography with pentane / ethyl acetate (10 / 1). The 
enantiomeric excesses were determined by HPLC using a chiral stationary phase 
column (Column, Chiralcel OD-H, AD-H and OJ-H) or by GC (Chirasil-Dex CB). 
 
N-(1-phenylethyl)aniline 2-7a(-)[138]: Conversion was determined by 1H-NMR. 
 
 
C14H15N, 197.28 g / mol 
1H-NMR (300 MHz, CDCl3): δ = 1.52 (d, J = 6.7 Hz, 3H), 3.43 (brs, 1H), 4.48 (q, J = 
6.7 Hz, 1H), 6.52 (m, 2H), 6.65 (m, 1H), 7.04-7.14 (m, 2H), 7.18-7.40 (m, 5H); 
 
The enantiomers were analyzed by GC using a Chirasil-Dex CB, 25 m × 0.25 mm, H2 
2.0 ml / min, 100 oC for 5 min, 5 oC / min to 160 oC, 160 oC for 15 min, FID 
temperature 250 oC, major enantiomer: tR = 19.20 min, minor enantiomer: tR = 19.06 
min. 
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N-(1-(4-fluorophenyl)ethyl)aniline 2-7b(-)[139]: Reaction time: 40h, conversion was 
determined by 1H-NMR. 
 
 
C14H14FN, 215.27 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.50 (d, J = 6.5 Hz, 3H), 3.33 (brs, 1H), 4.47 (q, J = 
6.5 Hz, 1H), 6.50 (d, J = 7.5 Hz, 2H), 6.67 (t, J = 7.5 Hz, 1H), 7.0 (m, 2H), 7.10 (m, 
2H), 7.33 (m, 2H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 22.26 min, minor enantiomer: tR = 19.71 min. 
 
N-(1-(4-chlorophenyl)ethyl)aniline 2-7c(-)[140]: Reaction time: 40h, conversion was 
determined by 1H-NMR. 
 
HN
Cl
2-7c  
C14H14ClN, 231.72 g / mol 
1H-NMR (300 MHz, CDCl3): δ = 1.50 (d, J = 6.8 Hz, 3H), 4.15 (brs, 1H), 4.46 (q, J = 
6.8 Hz, 1H), 6.49 (d, J = 7.8 Hz, 2H), 6.67 (t, J = 7.8 Hz, 2H), 7.10 (m, 2H), 7.30 (m, 
4H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 28.09 min, minor enantiomer: tR = 25.27 min. 
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N-(1-(4-methoxyphenyl)ethyl)aniline 2-7d(-)[140]: Conversion was determined by 1H-
NMR. 
 
 
C15H17NO, 227.30 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.51 (d, J = 6.7 Hz, 3H), 3.80 (s, 3H), 4.07 (brs, 1H), 
4.46 (q, J = 6.7 Hz, 1H), 6.54 (d, J = 7.6 Hz, 2H), 6.66 (t, J = 6.7 Hz, 1H), 6.87 (m, 2H), 
7.11 (m, 2H), 7.30 (m, 2H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5ml / min, wavelength = 240 nm); major enantiomer: tR 
= 21.98 min, minor enantiomer: tR = 19.83 min. 
 
N-(1-phenylethyl)-4-methoxyaniline 2-7e(+)[141]: Conversion was determined by 1H-
NMR.  
 
C15H17NO, 227.30 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.50 (d, J = 6.8 Hz, 3H), 3.69 (s, 3H), 3.78 (brs, 1H), 
4.41 (q, J = 6.8 Hz, 1H), 6.47 (m, 2H), 6.69 (m, 2H), 7.17-7.42 (m, 5H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 23.84 min, minor enantiomer: tR = 26.01 min. 
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N-(1-(2-naphthyl)ethyl)aniline 2-7f(-)[141]: Conversion was determined by 1H-NMR. 
 
 
C18H17N, 247.33 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.62 (d, J = 6.5 Hz, 3H), 4.23 (brs, 1H), 4.67 (q, J = 
6.5 Hz, 1H), 6.5-6.63 (m, 2H), 6.67 (t, J = 7.3 Hz), 7.11 (t, J = 7.9 Hz, 2H), 7.40-7.58 
(m, 3H), 7.72-7.92 (m, 4H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel AD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 13.61 min, minor enantiomer: tR = 12.08 min. 
 
N-(1-(1-naphthyl)ethyl)aniline 2-7g(-)[142]: Reaction time: 40h, conversion was 
determined by 1H-NMR. 
 
 
C18H17N, 247.33 g / mol 
1H-NMR (300 MHz, CDCl3): δ = 1.69 (d, J = 6.8 Hz, 3H), 4.27 (brs, 1H), 5.31 (q, = 6.8 
Hz, 1H), 6.52 (d, J = 7.3 Hz, 2H), 6.67 (t, J = 7.2 Hz, 1H), 7.09 (m, 2H), 7.43 (m, 1H), 
7.56 (m, 2H), 7.68 (d, J = 7.0 Hz, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 
8.19 (d, J = 8.3 Hz, 1H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel AD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 13.61 min, minor enantiomer: tR = 16.29 min. 
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N-(1-phenylethyl)-2,4,6-trimethylaniline (2-7h) [143] 
 
 
C17H21N, 239.36 g / mol 
 
1H-NMR (400 MHz, CDCl3): δ = 1.52 (d, J = 6.8 Hz, 3H), 2.16 (s, 6H), 2.24 (s, 3H), 
3.00 (brs, 1H), 4.27 (q, J = 6.8 Hz, 1H), 6.80 (s, 2H), 7.24 (m, 1H), 7.33 (m, 4H). 
 
N-(1-phenylethyl)-2,6-diisoporpylaniline (2-7i)[108] 
 
 
C20H27N, 281.44 g/ mol 
 
1H-NMR (400 MHz, CDCl3): δ = 1.05 (d, J = 6.8 Hz, 6H), 1.22 (d, J = 6.8 Hz, 6H), 1.54 
(d, J = 6.8 Hz, 3H), 3.13 (sept, J = 6.8 Hz, 2H), 3.19 (brs, 1H), 4.10 (q, J = 6.8 Hz, 1H), 
7.06 (m, 3H), 7.20-7.36 (m, 5H). 
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N-(1-(2-naphthyl)ethyl)-4-methoxyaniline 2-7j(+)[141]: Conversion was determined by 
1H-NMR. 
 
 
C19H19NO, 277.36 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.48 (d, J = 6.7 Hz, 3H), 3.58 (s, 3H), 3.79 (brs, 1H), 
4.48 (q, J = 6.7 Hz, 1H), 6.36-6.64 (m, 4H), 7.26-7.46 (m, 3H), 7.64-7.78 (m, 4H); 
 
The enantiomers were analyzed by HPLC using a Chiralcel AD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 34.27 min, minor enantiomer: tR = 30.83 min. 
 
N-(1-phenylethyl)-2-methylaniline 2-7k(-)[144]: Reaction time: 40 h, Conversion was 
determined by 1H-NMR. 
 
 
C15H17N, 211.30 g / mol 
 
1H-NMR (300 MHz, CDCl3): δ = 1.57 (d, J = 6.8 Hz, 3H), 2.23 (s, 3H), 3.86 (brs, 1H), 
4.55 (q, J = 6.8 Hz, 1H), 6.37 (d, J = 8.1 Hz, 1H), 6.61 (t, J = 7.3 Hz, 1H), 6.97 (t, J = 
7.7 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 7.23 (m, 1H), 7.35 (m, 4H); 
 
The enantiomer were analyzed by HPLC using a Chiralcel OJ-H (n-hexane / 2-propanol 
= 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR = 26.17 
min, minor enantiomer: tR = 22.78 min. 
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2.5.4 General procedure for the catalytic hydrogenation of imines 
with ‘frustrated Lewis pairs’ 
Under an argon atmosphere, imine (0.2 mmol), compound 2-32 or 2-33, and 1 ml dry 
toluene were transferred to a stainless steel autoclave. The autoclave was purged three 
times with hydrogen and finally pressurized to 25 bar. The reaction mixture was stirred 
at 65°C for the indicated period of time, and then the hydrogen gas was released. The 
conversion of the substrate was determined by 1H-NMR spectroscopy of the crude 
reaction mixture, and the product was purified by chromatography with pentane / ethyl 
acetate (10 / 1). The enantiomeric excesses were determined by HPLC using a chiral 
stationary phase column (Column, Chiralcel OD-H, AD-H and OJ-H) or by GC 
(Chirasil-Dex CB). 
 
N-(1-phenylethyl)aniline 2-7a: Yields, table 2-6, entry 1, yield: > 99%; entry 2, yield: 
> 99%; entry 3, yield: 95%. 
 
 
C14H15N, 197.28 g / mol 
 
The enantiomers were analyzed by GC using a Chirasil-Dex CB, 25 m × 0.25 mm, H2 
2.0 ml / min, 100 oC for 5min, 5 oC / min to 160 oC, 160 oC for 15 min, FID temperature 
250 oC; 
 
Table 2-6 
entry 1, major enantiomer: tR = 18.85 min, minor enantiomer: tR = 18.99 min; 20 % ee 
(S);  
entry 2, major enantiomer: tR = 18.82 min, minor enantiomer: tR = 18.97 min; 48 % ee 
(S);  
entry 3, major enantiomer: tR = 18.97 min, minor enantiomer: tR = 18.86 min; 79 % ee 
(R). 
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N-(1-phenylethyl)-2-methylaniline 2-7k(-): Reaction time: 20 h. 
 
 
C15H17N, 211.30 g / mol 
 
The enantiomers were analyzed by HPLC using a Chiralcel OJ-H (n-hexane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 29.55 min, minor enantiomer: tR = 5.27 min. 
 
 
N-(1-(4-methoxyphenyl)ethyl)aniline 2-7d(-) 
 
 
C15H17NO, 227.30 g / mol 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 99 / 1, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 23.57 min, minor enantiomer: tR = 22.20 min. 
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N-(1-phenylethyl)-4-methoxyaniline 2-7e (R) 
 
 
C15H17NO, 227.30 g / mol 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 99 / 1, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 29.76 min, minor enantiomer: tR = 33.36 min. 
 
N-(1-(2-naphthyl)ethyl)aniline 2-7f(-) 
 
 
C18H17N, 247.33 g / mol 
 
The enantiomers were analyzed by HPLC using a Chiralcel AD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 13.56 min, minor enantiomer: tR = 12.27 min. 
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N-(1-(2-naphthyl)ethyl)-4-methoxyaniline 2-7j(+) 
 
 
C19H19NO, 277.36 g / mol 
 
The enantiomers were analyzed by HPLC using a Chiralcel OD-H (n-heptane / 2-
propanol = 98 / 2, flow rate = 0.5 ml / min, wavelength = 240 nm); major enantiomer: tR 
= 30.81 min, minor enantiomer: tR = 37.36 min. 
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3. Appendix 
3.1 Selected NMR Spectra 
NMR spectra of 2-1 
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NMR spectra of 2-8 
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NMR spectra of 2-9 
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NMR spectra of 2-11 
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NMR spectra of 2-12 
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NMR spectra of 2-14 
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NMR spectra of 2-15 
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NMR spectra of 2-16 
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NMR spectra of 2-18 
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NMR spectra of 2-19 
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NMR spectra of 2-20 
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NMR spectra of 2-21 
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NMR spectra of 2-22 
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NMR spectra of 2-23 
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NMR spectra of 2-24 
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NMR spectra of 2-25 
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NMR spectra of 2-29a 
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NMR spectra of 2-29b 
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NMR spectra of 2-29c 
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NMR spectra of 2-30a 
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NMR spectra of 2-30b 
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NMR spectra of 2-30c 
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NMR spectra of 1:1 mixture of 2-32 and 2-33 
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NMR Spectra of 2-32 
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HtBu3PH
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NMR spectra of 2-33 
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B(C6F5)2
H
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SpinWorks 2.5:   31 P
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B(C6F5)2
H
tBu3PH
SpinWorks 2.5:   djc
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3.2 GC and HPLC Chromatogram 
3.2.1 The GC and HPLC chromatogram of table 2-5 
GC Chromatogram of 2-7a 
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HPLC Chromatogram of 2-7b 
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HPLC Chromatogram of 2-7c 
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HPLC Chromatogram of 2-7d 
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HPLC Chromatogram of 2-7e 
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HPLC Chromatogram of 2-7f 
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HPLC Chromatogram of 2-7g 
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HPLC Chromatogram of 2-7j 
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HPLC Chromatogram of 2-7k 
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2.3.2 GC and HPLC chromatogram of table 2-6 
GC chromatogram of 2-7a, table 2-6, entry 1 
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GC chromatogram of 2-7a, entry 2 
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GC chromatogram of 2-7a, entry 3 
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HPLC chromatogram of 2-7k, entry 4 
 
 
 
 
 175
HPLC chromatogram of 2-7d, entry 6 
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HPLC chromatogram of 2-7e, entry 7 
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HPLC chromatogram of 2-7f, entry 8 
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HPLC chromatogram of 2-7j, entry 9 
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3.3 X-Ray Single Crystal Analysis 
Compound 2-32·2-33·CH2Cl2 2-32·C5H12 2-33 
Empirical formula C81H103B2F20P2Cl2 C45 H62 B F10 P C40 H50 B F10 P 
Formula weight 1610.09 834.73   762.58  
Crystal system Triclinic Orthorhombic Orthorhombic 
Space group P1 P212121 P212121 
a(Å) 10.4660(7)  11.9847(10)  18.2275(12)  
b(Å) 12.0096(8)  12.9455(11)   18.8659(12)  
c(Å) 16.1072(11)    27.997(2)   22.2897(14)  
α(°) 92.5410(10)    
β (°) 100.6570(10)    
γ (°) 91.6500(10)    
V(Å3) 1986.3(2)  4343.8(6) 7664.9(9)  
Z 1 4 8 
Dcalc (g cm-3) 1.346 1.276  1.322  
μ(cm-1) 0.212 0.137   0.149   
θ Range(°) 2.0 - 29.5 1.7  - 26.4  1.6- 27.5   
Crystal size (mm3) 0.28 0.25 0.20 0.15 0.08 0.03 0.32 0.28 0.22 
Reflections collected 29125 52262 150501  
Reflections unique 21175 8880 17592  
Rint 0.0178 0.1053 0.0846  
Reflections unique [I >2σ(I)] 18280 6691  14256 
Variables refined 972 514  896 
wR2 (all data) 0.1203  0.1786 0.1142 
R1 (all data) 0.0584  0.0914 0.0586 
R1 [I >2σ(I)] 0.0483  0.0637  0.0466 
Goodness-of-fit 1.039 1.035  0.971 
Flack parameter -0.02(4)  0.03(17) -0.04(8) 
Resd eletron dens max./min. (eÅ-3) 0.459/-0.279  1.206/-.631 0.746/-0.615 
CCDC number 789179 789181 789180 
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Molecular structure of 2-32·2-33·CH2Cl2 in the crystal 
 
 
 
Molecular structure of 2-32·C5H12 in the crystal 
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Molecular structure of 2-33 in the crystal 
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